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1 INTRODUCTION 
 
The main objective of the present research is the characterisation of the unsteady internal fluid 
dynamics occurring in solid rocket motors (SRM). In particular, the attention is focused on the 
evaluation and the analysis of pressure waves oscillation (PWO) available in such type of motors and 
the manner through which such waves modify the amplitude and the frequency as the motor 
characteristic dimensions vary. 
Though calculating devices and computer machines have reached very high performance levels, 
offering remarkable support in the solution of complex numerical problems, the comprehension of 
fluid dynamic phenomena occurring in solid rocket motors combustion chamber did not advance in a 
sensible manner and still the most reliable experimental tests are the means through which scientists 
can evaluate the phenomena, though if such test are very expensive and not fully explanatory. Indeed, 
still today a reliable theory has not been found to exactly describe and foresee the PWO phenomena. 
For such reason, in the last 20 years, the PWO problem in combustion chambers has represented a new 
and important research argument [1]. 
Furthermore, the need to achieve higher and higher thrust levels has induced SRM designers and 
engineers towards higher dimensions and scales, requiring considerable technological and engineering 
investments for the development of modern propellant grains, thermal isolating systems, motor cases, 
etc. This led to new configurations for which the PWO’s generated during the engine functioning 
represent a non-negligible issue [2]. 
Since normally such investments are mainly supported at the aim of increasing the performances of 
already existing and functioning motors, such as the P230 engine, the reference configuration adopted 
for the investigation of the PWO phenomenon is the one of the above mentioned industrial motor. 
 
The P230 is a solid rocket booster (see Fig. 1), twin mounted and employed during the lift-off phase 
and the subsequent ascent through the atmosphere of the Ariane 5 launch vehicle.  
 
For such types of SRM the propellant is directly loaded  inside the combustion chamber and for 
manufacturing reasons it is typically subdivided in several segments (Fig. 1a together with elements A 
in Fig. 2). 
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The propellant grain segments are separated by thermal protection panels referred to as face thermal 
protections (FTP) characterised by a circular ring shape (see the highlighted areas in Fig. 1a and the 
elements B in Fig. 2). 
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a) 
 
 
b) 
Fig. 1 – PWO in Ariane 5 solid rocket boosters (P230) 
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During engine operation the FTP burns while losing mass and getting consumed at a radial speed 
which is lower than the bonded propellant grain regression rate, therefore generating a ring shaped 
protrusion partially immersed through the main inner flow (see the highlighted areas in Fig. 1b and the 
elements C in Fig. 2). 
 
 
 
Fig. 2 – SRM internal scheme 
 
The fluid dynamic domain in the vicinity of such obstacles is characterised by the presence of local 
flows for which, the level of instability generates a periodic vortex release (see the highlighted square 
box area in Fig. 1b and the elements D in Fig. 2). Such vortexes are the main responsible for the 
generation of pressure waves oscillation and, as a consequence, for the extra structural loading and 
thrust oscillation. 
Although the phenomena under investigation open a path to an interesting research field, the presence 
of PWO represents an effective risk for the mission success due to the fact that the generation of 
structural vibration and thrust oscillation, might induce stability, structural and performance issues for 
the engine or for the vehicle on which it is mounted. 
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At the aim of eliminating such vibrations, it is generally required to employ tools and instruments that 
make the vehicle heavier otherwise it becomes necessary to perform extra tests that would contribute to 
increase the design costs. This can be seen, during the design and manufacturing phases, in additional 
engineering endeavours therefore in extra costs. 
As a matter of fact the phenomena involved in the internal SRM fluid dynamics is more complex, 
because a remarkable amount of variables could be introduced and play a significant role. For example 
one could think about the chemical reactions occurring during gas combustion or about the presence of 
reacting metallic particles immersed through the flow, generated during the combustion, which could 
modify the intrinsic dynamics of the flow. 
Though if the theoretical development of such factors might look like complex, it should be considered 
that, also at experimental level, the investigation of the phenomenon for real scale motors could be 
forbidden by the costs and the difficulty of reproducing the experiment with a certain frequency. 
For such reason, the idea of recurring to the employment of reduced scaled motors for the 
investigation of PWO has already been taken into account by several research institutions and 
industries (e.g. ONERA, SNPE, AVIO Group, etc). At this aim, adopting such reduced scaled models, 
numerical simulations have been conducted in order to preliminarily demonstrate the possibility to 
obtain results reproducing the PWO levels for an equivalent full scale configuration [5]. However, the 
results obtained have shown to be difficult to interpret. Indeed, the simulations conducted for some 
scales large scales (1:1 down to 1:2.5) have shown a representative behaviour of the real physics 
occurring in the motor. On the other hand for lower scales, the PWO phenomena have shown drastic 
variations in the behaviour, without having clear how such results could be representative for the full 
scale PWO phenomenon. 
It is not clear yet if either a real scale threshold exists, or if the simulation of PWO in reduced scale 
motors requires to take into account other physical phenomena that for lower dimensions become 
relevant, deeply modifying the flow field that generates such PWO. 
In particular, some preliminary numerical analyses performed by SNPE for scaled demonstrators have 
shown that the amplitudes and the frequencies of the PWO do not linearly depend on the size of the 
engine, assuming behaviour completely different, depending on the nature of the flow in the 
combustion chamber being multi phase or simply gaseous [5]. 
In such extent, it should be reminded to the reader that typically the SRM thrust level is increased by 
means of the introduction of an aluminum powder added in the propellant grain matrix, due to the fact 
that its combustion releases high energy levels. As a consequence during the combustion the aluminum 
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gets released in the combustion chamber generating a bi-phase or a multi-phase depending on the state 
(liquid/solid) of each single particle [6]. 
 
This behaviour suggested that probably the difference in the PWO levels obtained for different scales 
can be related to the presence of a discrete phase, and in particular to the characteristic times that each 
particle requires to travel through the motor and burn [7]. Indeed, independently from the dimension 
of the engine, the combustion characteristic times of the discrete phase remain the same, while the 
related residence times very proportionally to the dimensions of the combustion chamber to be 
crossed. 
 
Thus for high sized motors the discrete phase combustion duration to residence characteristic time 
ratio can be considered negligible, while for lower sized motors such characteristic times can reach the 
same order of magnitude. As a consequence the particulate might not have the possibility to completely 
burn because of an extremely quick ejection from the nozzle, leading to significant physical differences 
with respect to the case for which the full combustion occurs within the combustion chamber.  
Considering the actual state of the art and the limited related knowledge of the phenomena under 
investigation, at the moment still not fully clear within the scientific community, due to the lack of wide 
literature and reliable documented experimental tests, the study of the discrete phase combustion would 
be extremely onerous in terms of engineering and computational efforts. 
For such reason, within the present work the attention has been mainly focused on the determination 
of the non-reacting discrete phase granulometry and the numerical evaluation and simulation of the PWO’s 
and the influence on their levels due to the presence of the non-reacting particles. 
However, at the aim of offering a support for future research, the dedicated modelling to describe the 
combustion phenomenon has been investigated, determined and reported in the Annex for the reader. 
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2 SCOPE OF THE RESEARCH  
 
The present research is addressed to the investigation of the pressure waves oscillation (PWO) inside of 
solid rocket motors (SRM). In particular, the attention has been focused on the influence of 
geometrical scale effects of the motor on the PWO’s. 
Considering the high complexity of the phenomenon and the absence of an effective indication on how 
such problem should be faced, within this work a first analysis has been conducted to verify the 
existence that PWO’s modify their amplitude and frequency when the characteristic dimensions of the 
engine vary. 
Subsequently it has been verified what occurs in case the particulate is present in the flow and what is 
the related level of influence on the pressure waves oscillation. It should be noticed that typical 
industrial propellant grains adopt particulate. 
As an engineering necessity, the first aim has been to understand how the particulate dimensions 
(granulometry) present within the combustion chamber could be determined, then the way and the 
effects on the internal fluid dynamics and on the PWO’s caused by the presence of the non-reacting 
particulate in a real scale engine. 
 
Summarising, the investigated issues of the present research can be listed in three points: 
 
1) Evaluation of PWO for a single phase configuration; 
2) Engine scale effects on the evaluation of PWO for single phase configuration; 
3) Investigation of the effects on the PWO levels due to the presence of an additional 
discrete phase for scaled and real scaled engine configuration. 
 
For such reason the research has been initially articulated modelling the phenomena in a singular 
manner: the combustion chamber scale effects on the PWO’s were first analysed and only afterwards 
the characteristics of the discrete phase within the combustion chamber flow were studied. 
Finally the two phenomena (geometrical scaling and particulate presence) were coupled and their 
effects on the PWO levels were evaluated. 
 
The investigation conducted on the effects due to the presence of particulate has been subdivided in 
several parts as follows: 
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1. The first part of the study, mainly theoretical, has been conducted in order to comprehend and 
model the behaviour of the discrete phase, which contributes to modify the characteristics of 
the main flow when the particles get injected in the combustion chamber (cap. 4 e cap. 6); 
2. On the other hand, the second part regarded the integration of the developed models within 
the numerical codes and the related simulation of the PWO for the several scaled 
configurations under consideration. This part has been mainly performed by means of 
computer machines and clusters; 
3. Finally, within the third part, the results have been analysed and compared. 
 
A further point could be added to such subdivision, related to the particulate combustion modelling. 
However such case should be considered as preliminary and of scope for future development; the 
related argumentation has been added in the Annex.  
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3 STATE OF THE ART 
 
The research related to the PWO phenomena within solid rocket motors is recent. 
In Europe the first research programme in such a field has been defined in 1989, named ASSM, 
supported by the French Space Agency (CNES) and started by ONERA, AVIO and several other 
research centres and institutions. The programme was focused on the fluid dynamics of Segmented 
Solid Rocket Motors, such as the ones under industrial interest and employed by Ariane 5. 
The main objective was to develop tools to analyse, comprehend, foresee and answer to the issues that 
might occur during SRM development programmes. Because of the employment of “segmented 
technology” in SRM and the potential acoustic oscillation occurring within the combustion chamber of 
such motors, previously foreseen and experimentally confirmed within the programme, the main 
objective of such programme was focused on the study of the internal flow instability for such types of 
engines. 
 
The first period of activity was spent to identify the parameters influencing the PWO. However the 
results were not satisfactory due to the difficulty to reproduce the behaviour of both the steady and the 
unsteady phases of the engine. 
The subsequent period was organised foreseeing the definition of an experimental installation. This was 
realised in a reduced configuration (1:15 scale) and though the results offered excellent understanding 
of PWO generation and propagation, it was not possible to reveal any correlation with the full-scale 
configuration case. 
Meanwhile, several models were developed in parallel to describe the additional phase (solid or liquid), 
to be adopted as inert discrete first, and as reacting afterwards. All this was mainly finalised to the 
forecast of a single issue: the thrust oscillation. 
The results of such research, which lasted for about ten years, led to the identification of the main 
issues responsible for the generation of the PWO observed in several types of SRM such as the ones 
employed onboard the Space Shuttle, Titan and Ariane 5. The final objective of this research was the 
forecast of the frequencies, the oscillation levels and the estimation of their margins. 
One of the most important results obtained within this programme is the comprehension of the 
“parietal vortex shedding” and the “obstacle vortex shedding” phenomena, for which the instabilities are 
directly related to the PWO generation. Particular efforts, that offered only qualitative response, were 
performed while studying pressure oscillation phenomena for bi-phase flows adopting inert particulate. 
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As a result it was possible to show that for scale simulations the presence of a dispersed phase shall be 
taken into account and that some scale effects could be identified. Moreover, such research has shown 
that the particle dimension represents a sensible parameter that could act and influence on the 
oscillation levels, not necessarily offering a damping effect. 
 
At the end of this further phase of the research, a new argument was introduced: the aluminum (Al) 
combustion during engine firing. Such study, complex and still under investigation, led to an important 
first result stating that the dimension of the particulate within SRM is not uniform, but a function of 
both the combustion chemistry and the physics of the flow in which the particles are immersed. 
Several other researches have led to the confirmation of such qualitative results applying the knowledge 
acquired during these studies and developing the set-up for the related simulations or tests: ONERA 
has developed models for porous walls to demonstrate the parietal vortex shedding effects within ducts 
and visualisation techniques for vortex convection. The Von Karman Institute has conducted 
analogous research to study the effect on vortex shedding due to a segmented engine configuration. 
However, though such researches could take advantage of full scale motor models, they always focused 
the attention on the reasons determining the generation of instability phenomena that could then lead 
to the generation of PWO; therefore wide importance was given to qualitative data describing the 
generation of the phenomena under investigation rather than to quantitative data that could instead 
offer information on their evolution. 
A recent activity conducted by SNPE, presented in 2007 [5], has just put into evidence that the PWO 
levels for a scaled configuration do not always offer the appropriate indication in regards to what 
occurs to the equivalent full scale configuration. It was therefore numerically noticed a scale effect that 
kept the doubt alive regarding its effective existence, and the uncertainty to adopt motors  with highly 
reduced scale to foresee the oscillation levels in full scale motors. 
The present work, while considering a part of the information, knowledge, errors, etc inherited during 
previous works, aims at offering a quantitative contribution to the research. Indeed, it is considered that 
the comprehension of the geometrical engine scale effects in regards to PWO, combined to the effects 
due to particulate introduction, could offer further information on the existence of other phenomena 
that have not been adequately considered so far. 
An example of such phenomena, developed and adopted in this research, is represented by the 
generation of a particulate granulometric distribution, theoretically defined within this work, which was 
never taken into consideration in the frame of numerous other studies reported in literature. 
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4 THE PHYSICS OF THE PHENOMENA  
 
The SRM internal fluid dynamics represents a very complex scientific argument involving several 
variables, each of which could offer a significant contribution to the characterisation of the flow. 
 
Within the present work several factors have been introduced and studied, which could significantly 
influence the phenomena under investigation (PWO). For such reason the PWO phenomenon is first 
described. Afterwards the physical evolution of the discrete phase is described; this part represents the 
introduced novelty, for which the effects are to be studied. 
 
4.1 THE PRESSURE WAVES OSCILLATION PHENOMENON 
 
The geometric configuration of the motor under investigation (P230) presents two fundamental 
features for the PWO generation. 
The first feature, caused by the necessity to respect some production and manufacturing constraints, 
foresees the existence of some protrusions, named face thermal protections (FTP), immersed in the main 
fluid flow, which constitute an obstacle to the flow (Fig. 3).  
 
 
Fig. 3 – Geometrical discontinuities in SRM 
 
Such FTP’s get uncovered during engine firing due to the lower regression rate, with respect to the one 
of the grain in which the FTP’s are contained. In such manner, as indicated in Fig. 4, such obstacles 
tend to emerge in a more considerable manner as functioning time evolves. 
PTF
Motor axis
F P
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Fig. 4 – Propellant grain regression evolution scheme  
 
A second feature is represented by the nozzle head section which is partially immersed in the engine 
itself. Considering the study of the vibrations induced, the nozzle head is a particularly important zone 
because just in its vicinity several acoustic disturbances are generated, which travel through the rest of 
the engine in the shape of pressure oscillation. 
 
 
Fig. 5 – Nozzle head 
 
The real process of generation and propagation of disturbance starts in correspondence to the FTP, 
because of its protrusion towards the inner side of the combustion chamber. Indeed a drastic area 
variation  gets generated and the flow gets constrained in its patch, with a subsequent generation of a 
shear layer (Fig. 6). 
Such layer separates two flow regions with significantly different velocity level; the first region, closer to 
the engine axis, is characterised by a faster flow, while the second region, closer to the engine wall, is 
characterised by low speed circulation. 
 
Nozzle head
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Fig. 6 – Geometrical discontinuity induced differential speed domains 
 
The deep velocity gradient existing through the shear layer makes the flow fairly unstable and small 
disturbances in the vicinity of the free protrusion could increase such instabilities up to vortex release, 
which get periodically detached from the FTP, travelling through the combustion chamber (Fig. 7).  
 
 
Fig. 7 – Geometrical discontinuity generated vortexes 
 
When the vortex, after travelling through the motor, impact on the nozzle head a dipole source gets 
generated and the energy passes from the vortex to the acoustic field. Therefore the pressure 
disturbance, going up again upstream, allows to yield such energy from the acoustic field to the shear 
layer, which getting excited again, releases a new vortex closing the loop (Fig. 8). 
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Fig. 8 – Vortexes and acoustic signals propagation direction 
 
The pressure waves oscillation can be self sustained only when generated by an intrinsic the shear layer 
instability [3]. 
 
Therefore, taking into account such observations, it was possible to clearly identify the main steps of 
the fluid dynamic and acoustic interaction process, as summarised in the following points: 
 
9 Generation of shear layer at the FTP tip; 
9 Development, growth and detachment of vortex structures; 
9 Vortex impact against a downstream reflecting surface (nozzle head); 
9 Fluid dynamic field energy transfer to the acoustic field; 
9 Generation of a pressure disturbance going up again upstream towards engine head; 
9 Shear layer re-activation; 
9 New vortex generation and release with subsequent closure of the loop. 
 
Vorticity
Acoustic signal 
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4.2 DISCRETE PHASE PHYSICS 
 
As mentioned in the previous chapter, one of the main and most important investigated aspects in this 
study is represented by the presence of a multi-phase flow within the engine. The experimental 
evidence and then the theoretical support have put into evidence how, in this case it is possible to 
precisely describe a continuous gaseous flow through which a discrete phase is immersed and moves, 
rather than describing a generic multi-phase flow. 
Indeed, as described, the two phases show fairly different characteristics. The first important difference 
stands in the fact that a phase is considered and treated numerically as a continuous one (the gaseous 
phase), while the other is treated as a discrete one (the dispersed phase). Moreover, the discrete phase 
constitutes not only a discontinuous set of inert matter, interacting while exchanging momentum with 
the main flow, but also as a set of energy sources travelling inside the motor, releasing and therefore 
distributing heat to the fluid along the path [61].  
Due to such behaviour, the particulate combustion process is named “distributed combustion”. 
 
Inside the engine, during the combustion, several chemical, physical and fluid dynamic phenomena 
occur. Such phenomena involve the participation of a wide range of characteristic scales. For such 
reason, the physics is fairly complex and a dedicated modelling is necessary to describe the 
phenomenon. 
In this work the presence of particulate and its influence on the PWO was of interest, also without 
considering particles combustion. The study of the discrete phase evolution, containing also 
information on the combustion process, is under development and the theoretical model to be 
implemented has also been described. 
 
The addition of metallic powders within the propellant grains induces particulate production during the 
combustion process. Since several propellant types exist holding in particular several metallic powder 
types, a general behaviour of combustion and particulate evolution could not be described in case a 
specific propellant to be analysed is not described. 
Therefore, the present work has been conducted adopting one of the most employed propellants in the 
aerospace sector. Such propellant is composed of HTPB (Hydroxyl Termenated PolyButadiene), AP 
(Ammonium Perclorate) and Al (Aluminum) [9]. 
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The AP grains represent the oxidiser, while the fuel is represented by the Al grains. Although HTPB 
contributes to offer heat during combustion, its main function is to operate as an adhesive matrix for 
the AP-Al composed grains. The weight percentages of the single components reported are used for 
the P230 motor propellant, employed in the Ariane 5 launch vehicle. 
 
 
HTPB AP Al 
14% 68% 18% 
Tab. 1 – Propellant components mass fractions 
 
Initially the Al powder is contained in the HTPB matrix together with the AP grains as shown in Fig. 9.  
 
Fig. 9 – Particulate injection phases 
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During the combustion process, the HTPB matrix vaporises and the most superficial aluminium grains 
get uncovered. In such manner Al gets in touch with the high temperature fluid in the combustion 
chamber. Such temperature melts the superficial Al (Tfus=933 K [10]) generating a subtle liquid layer on 
the propellant free surface (Fig. 10). 
 
    
Fig. 10 – Al  in the grain melting process 
 
Due to the speed and the turbulent nature of the fluid flowing through the combustion chamber, such 
liquid aluminum layer gets fragmented into droplets, which get randomly and chaotically dispersed in 
the chamber (primary break-up) and then further shattered by the fluid (secondary break-up) (Fig. 11). 
 
   
Fig. 11 – Al droplets fragmentation 
 
Within this research the effect of the presence of such particles, supposed inert, is investigated together 
with their influence on the fluid dynamics and on the pressure waves oscillation (PWO). 
In reality, from this point ahead the evolution of the discrete phase is considered as driven also by 
combustion, which in this work is studied only preliminarily as reported in the Annex; however the 
effects have not been simulated and are considered of interest for future works. 
 
Al 
Al
Al 
Al
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5 ADOPTED SIMPLIFICATIONS 
 
Although available numerical computer codes can offer a wide range of tools suitable for the evaluation 
of complex phenomena, it is not always sufficient to employ such tools to describe the entire 
phenomena under investigation in this work. For example, in some cases when a high level of detail is 
required, such as in the cased under consideration, it is possible to find numerical behaviours that could 
not be represented by means of the commercially implemented codes. 
In the last part of the present work, for example, several physical phenomena are modelled; such 
phenomena are theoretically well known at microscopic level (e.g.: Al transformation and combustion, 
particle transport through the fluid), however the coupling of several macroscopic effects could not be 
sufficiently described (e.g.: bi-phase reacting flow). 
Therefore some assumptions are required, taking into consideration only some physical phenomena 
that could be considered as the most relevant ones at macroscopic level [48]. For such reason, only 
some effects generated by the intrinsic preliminarily studied physics were modelled, disregarding some 
specific phenomena occurring. Indeed, in case one would have to reproduce several characteristics such 
as a multi-phase flow and its combustion, by solving in detail each single chemical reaction together 
with each state transition of the particulate, the numerical simulation would have been extremely heavy. 
Indeed, considering that an enormous issue of the available numerical codes is related to the computer 
power limits, the reader can have a feeling that the adopted simplifications become essential, in 
particular for motors characterised by large dimensions and intrinsic phenomena such as the ones 
under consideration. 
The following two points describe the adopted simplifications: 
 
1. Considering the multi-phase flow, the liquid and solid phases, present within the motor in 
shape of droplets or combusted grains, have been represented as a single discrete phase 
composed of particles dispersed within the gaseous phase; 
2. The particles injected in the engine are considered to have a spherical shape and their 
dimensions have been preliminarily modelled as a function of the functioning conditions that 
time after time the engine can assume. Indeed, in this work the hypothesis is made that the 
particulate dimensions could depend both on the engine geometry and the internal fluid 
dynamic characteristics [56]. 
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A third point should be added when the particulate combustion effects will be under consideration: 
according to the effective particle heat exchange occurring during combustion, the following issues 
should be modelled: 
 
• Heat exchange between particulate and surrounding fluid; 
• Granulometric evolution of the particulate due to combustion. 
 
Already in the past a CFD approach has been considered to study PWO in real scale SRM. Such 
approach has been further readapted and developed integrating the generated models to the codes for 
the evaluation of the bi-phase flow. 
 
When describing the physical process, it is possible to show that the presence of an additional phase, to 
be introduced as a discrete phase, represents an effective novelty to be investigated. 
For such reason, in the following chapters the attention has been focused on this novel issue, 
describing its generation and evaluating its importance during the PWO simulation processes. 
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6 DISCRETE PHASE MODELLING 
 
When the presence of a particulate is considered of interest of investigation, the first step to be taken 
regards the granulometry determination. Indeed, as mentioned in the previous chapter, once ejected 
from the matrix the particulate undergoes a geometric transformation that depends on some 
characteristics of both the motor and the related internal flow. 
Therefore, the approach to the study of the discrete phase within SRM begins just with the 
determination of such transformation. 
The determination of the particulate dimensions distribution within the combustion chamber still 
represents a problem for which it is difficult to find a solution. Such difficulty is experimentally related 
to the impossibility to observe and find data within the combustor during its functioning, while 
theoretically due to the complexity and the multiplicity of phenomena occurring during combustion 
[50], [54]. Moreover, the coupling of the intrinsic particulate phenomena and the fluid dynamics holds 
chaotic properties [20], [21], [43], therefore difficult to be represented. 
For such reason, in literature it is often found that the description of the particulate combustion in 
SRM is offered simplifying the problem adopting either a random distribution for the discrete phase 
[58] otherwise constant initial dimensions [6], while for what concerns the thermal and geometrical 
evolution (equal for each particle) experimental laws are taken into account [9], [13], [20], [22]. However 
in such manner the reliability of the results should be influenced by such limitations. 
At the aim of evaluating the particulate characteristic dimensions with higher reliability within the 
combustion chamber, several experiments have been conducted in the past in order to measure the 
granulometry of the particulate collected at nozzle outlet. Although not offering rigorous information, 
such collections could be used to have a preliminary estimation of the particulate order of magnitude 
during its presence within the combustion chamber [23]. 
As mentioned in advance, the dimension assigned to the particle within this work, is intended as the 
one assumed by the particle, originally injected in the combustion chamber, after its several break-ups 
(primary/secondary break-up) attained while passing through the chamber. Such break-ups are difficult to 
estimate and from this point of view, the determination of the final dimensions (hence after secondary 
break-up), also passing through intermediate break-ups (primary break-up) constitutes a significant 
problem. However, in this case the problem is faced in a different manner. Hence the intermediate 
particle conditions during break-up processes have not been considered; indeed only the maximum 
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dimensions assumed by a liquid droplet in a specific flowing fluid have been determined, disregarding 
what the particle could experiment in the moments before break-up. 
In order to perform such evaluation it is necessary to have knowledge of the physics of particle break-
up: it holds an equilibrium as a consequence of the balance between fluid dynamic stresses acting on 
the particle surface and its superficial tension. When the fluid dynamic stresses win the superficial 
tension the droplet becomes unstable suffering a break-up into two or more smaller drops [24]. 
This effect suggests that, independently from the type of break-up under experimentation, for each 
particle a maximum or critical diameter can be assumed along its path, and its value is a function of the 
fluid dynamic actions suffered by the particle. A diameter value higher than the critical value would 
induce the particle to be unstable and therefore break-up [25]. 
The break-up process is therefore described in this work as a single process, though if in reality it would 
occur in two steps. The break modelling and the employed methodology to calculate the most probable 
granulometry present in the motor during functioning is reported in paragraph 6.1. 
In this treaty, after analysing the trajectory of each single particle and determining the respective critical 
diameter, it has been assumed that: 
• Each particle destined to break-up (hence having at least for a position along its trajectory a 
diameter higher than its critical diameter), assumes a smaller diameter, exactly equal to its 
critical diameter; 
• Each particle destined to remain complete (therefore having for each position along its 
trajectory a diameter which is lower than its critical diameter), keeps its own diameter. 
 
This choice to consider each particle as a treated different from all the others, allows to determine a 
most probable diameter distribution, instead of considering all the particles with the same dimension. 
Such model is certainly more representative of the real conditions. 
For such scope a methodology has been adopted that could preliminarily reveal the most probable 
granulometric distributions as function of the engine geometry and ballistics. 
 
 
6.1 PARTICULATE GRANULOMETRY DETERMINATION 
 
The methodology to determine the initial granulometric distribution assumes an important role within 
the present study because, when applied to the geometry of full scale and then of reduced scale SRM, it 
identifies different characteristic dimensions of the particulate, therefore highlighting that when scaling 
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the engine it is possible that also the particulate receives a certain re-dimensioning, which is not 
proportional to the scale factor. 
Some studies report on the possibility that the particle dimension within a duct depends on the duct 
dimensions [24], [26]; however the dimensioning procedure is not clear yet. 
However, considering that a deeper work on the argument has not been attained yet, within the present 
research an approach is proposed to determine a probable granulometric distribution as function of the 
geometry and the fluid dynamic conditions in the combustion chamber. 
Such approach is mainly based on the analysis of the critical break conditions of the particles flowing 
through the fluid. The achievement of such conditions would generate a droplet destabilisation and 
consequent break-up occurring with different intensity, as function of the surrounding fluid dynamics. 
As mentioned before, since the knowledge of such phenomenon is not completely well known, the 
description of particle break process is still generally performed through the adoption of adimentional 
numbers and engineering formula based on theory under development, therefore requiring appropriate 
tuning and correction, to be offered comparing with experimental data. 
The most suitable number to be considered for the description of the droplet break-up is the Weber 
number (We), defined as follows [27]: 
 
σ
φρ prelgasuWe
2
=     eq. 1 
 
Where ρgas indicates the gas density, urel the relative speed between the particle and the flow, φp indicates 
the particle diameter and σ its superficial tension. 
This number describes the relative importance between the fluid dynamic actions tending to break the 
particle and the superficial tensions, which tend to oppose to such break, contributing to have the 
particle maintaining its own shape. 
When a particle We exceeds a certain critical value, the particle breaks generating two or more smaller 
particles [27]. 
The value of this edge, called critical We, defined and calculated for each single particle, is not 
represented by an unambiguous value; it varies depending on the nature of the flow, therefore on the 
accelerations suffered by the particle and the superficial stresses, according to the geometry and 
material characteristics of the particle [24], [28], [29], [30]. 
Since for the study of such critical parameter a consolidated theory does not exist, it was necessary to 
understand its most representative values as function of the chemical/physical conditions of the flow. 
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It is possible to comprehend in this manner the reason why in literature several different formulas exist 
for the determination of the critical We, each of which defining the critical Weber conditions in 
particular conditions functioning (particles in spray, particles in incompressible flow, in co-axial duct, 
etc.), without having a universal law. 
In literature the critical Weber is typically defined as follows [24]: 
σ
τ
2
maxdWecr ≡      eq. 2 
 
Where maxd indicates the maximum particle stable diameter, τ defines the stress tending to generate 
particle break, while σ indicates the superficial tension, which is opposed to the action of τ . 
The stress term, τ , can be expressed in terms of particle to fluid kinetic energy difference as follows: 
2
max−= relf uρτ      eq. 3 
 
Leading to: 
 
σ
ρ
2
max
2
maxduWe relfc
−≡     eq. 4 
 
From this point on the development of the analytical expression of We can take several directions, 
depending on the type of problem to be solved. In case of duct with internal flow, it can be helpful to 
represent some dimensions, present in the formula, in terms of turbulence, introducing the simplest 
case of turbulence (isotropic and homogeneous). In this manner the main contribution to the kinetic 
energy is caused by the fluctuations in the regions of the wavelengths where the Kolmogorov energy 
distribution is valid. In such region, the local turbulence model is determined by the turbulent 
dissipation rate ε [m2/s3]. 
 
In terms of ε, the maximum relative velocity is offered by Levich [69]: 
( )[ ] ( ) 21031maxmax ρρρρε ∆≈− fprel du  eq. 5 
 
Where ε represents the turbulent dissipation rate, ρ the particulate and the fluid density. This induces 
to: 
( ) ( )σρρρρερ 03235max32 ∆= fpfcr dWe  eq. 6 
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Observing this formula, effective only in cases for which the Kolmogorov energy distribution can be 
assumed, it should be noted that the critical We is mainly a function of the discrete to surrounding fluid 
density ratio ( ⎟⎟⎠
⎞
⎜⎜⎝
⎛=
f
pfWe ρ
ρ
). 
As mentioned in advance, the critical Weber value of varies as function of the geometry and the 
characteristics of the flow. Starting from eq. 6, this led to develop further formulas. In the present case, 
given the engine geometry and the nature of the flow, the modifications brought to eq. 6 that develop 
the ε term and reported in [24] and in [29] conduct to the law describing the behaviour of a particle in a 
very lower density medium inside ducts: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +
⋅⎟⎟⎠
⎞
⎜⎜⎝
⎛ −
⎟⎟⎠
⎞
⎜⎜⎝
⎛=
2
3
24
2
3
2
f
pp
fp
f
p
crWe
ρ
ρπρ
ρρ
ρ
ρ
  eq. 7 
 
Where again pρ  and fρ  indicate respectively the discrete and the continuous phase. In the case under 
examination, the density ratio assumes a value equal to 600
/5.4
/2700
3
3
==
mKg
mKg
f
p
ρ
ρ
 and the related 
critical Weber value corresponds to about 0.1. 
Such law is indeed valid only for particles for which the density is very higher than the surrounding 
fluid density ( )fp ρρ >> . 
Several other engineering formulas deriving from experimental data fitting are reported in literature 
[28], such as: 
Karabelas (1978) 
6
1
9.5
−
⎟⎟⎠
⎞
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⎛=
c
fc
cr
DU
We µ
ρ
 eq. 8 
Hesketh et al (1987) 
6
1
1.1 ⎟⎟⎠
⎞
⎜⎜⎝
⎛=
p
f
crWe ρ
ρ
  eq. 9 
 
They are also valid for turbulent flows in ducts, which offer dimensions with the same order of 
magnitude with respect to the ones obtained in eq. 7. 
The methodology adopted in this work for the determination of the most probable granulometry takes 
into account considerations regarding the particle break just presented. 
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The present methodology is articulated in three main phases: 
 
1) Definition of an initial granulometric distribution representing the presence of each 
diameter with the same number of particles in a range defined by a minimum and a 
maximum diameter (an example is reported in Fig. 12); 
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Fig. 12 – Particulate input dimensions  
 
2) CFD simulation of the bi-phase flow with inert particulate, adopting the granulometry 
as defined in point 1; 
3) Maximum theoretical dimension evaluation assumed along the trajectory by each single 
particle recurring to the critical Weber theory. 
 
The development of this third point occurs in a fairly articulated manner. For such reason several ad-
hoc FORTRAN codes were written, which could operate functional transformations on the data 
offered by the CFD simulation (point 2) considered now as input, and offering back as outputs the 
wanted granulometries (for example in Fig. 13 is reported an output distribution obtained with the 
described procedure). 
PRESSURE WAVES OSCILLATION LEVELS: THE INFLUENCE OF SCALE EFFECTS IN SOLID ROCKET MOTORS 
 
MARCO IANNUCCELLI PAGE 39 OF 134 CHAPTER 6
 
Particle distribution after break-up process
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Fig. 13 – Particulate output dimensions  
 
The process described so far is graphically represented in the following block (Fig. 14). 
 
 
Fig. 14 – Particulate dimension transformation process 
 
The input data for the FORTRAN codes, obtained as result of the CFD defined in point 2, are 
represented by the magnitudes reported in the following list; 
 
• Residence time (time spent from particle injection in the combustion chamber); 
• Particle space coordinates; 
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• Particle speed components; 
• Particle temperature; 
• Particle density; 
• Particle mass; 
• ID number. 
Where the last information allows to determine the trajectory of the particles injected along the 
propellant grain. 
Such parameters are contained in a tabular file, such as the one reported in Fig. 15, where each row 
contains information related to a single particle and the columns identify the parameters expressed in 
the top of the file. 
Each file of this type contains only information related to the particles ejected by a single inlet. Hence 
for combustion chambers such as the one of the P230, characterised by several separated propellant 
blocks (i.e. containing more than one inlet) it has been necessary to produce a higher number of files of 
such type. 
 
 
Fig. 15 – Output file of the CFD block 
 
Moreover, in the same file, for each position occupied by the particle, also the local gaseous flow 
characteristics were recorded (pressure, temperature, density, etc.). 
The input and output sequence used and generated by the attained Fortran codes for the determination 
of the granulometry is represented in the diagram of Fig. 16 (where “CFD” and “Flow field” represent 
the same blocks already presented in Fig. 14) 
 
PRESSURE WAVES OSCILLATION LEVELS: THE INFLUENCE OF SCALE EFFECTS IN SOLID ROCKET MOTORS 
 
MARCO IANNUCCELLI PAGE 41 OF 134 CHAPTER 6
 
 
Fig. 16 – FORTRAN codes block for the evaluation of the particulate dimension 
 
It gas been summarised in the following three points: 
 
1. Recognition of the trajectories followed by the particles; 
This is executed via a code defined “ordina”, which takes as input the several files as indicated in 
Fig. 15, where information on the flow field is contained (“Flow field” block in Fig. 16) and 
gathers the particles moving along the same stream line in the file “Dati-inlet.part”. In the steady 
flow the stream line identifies the trajectory travelled by the particles. 
 
2. Critical diameter evaluation along each trajectory; 
This is executed by the programme named “Dcrit-on-traj”, which analyses separately each 
trajectory (contained in the file “Dati-inlet.part” generated by the code “ordina”) and applying the 
relations indicated represented by eq. 1 and eq. 7 determines for each trajectory the maximum 
diameter that each particle on a specific trajectory can maintain, according to the received fluid 
dynamic actions. 
 
3. Assignment of a specific diameter to each particle; 
Once determined the critical diameter or the maximum one, sustainable by a set of particles 
along the same trajectory, the code Dcrit-on-traj decides to assign this new dimension to the 
particle in case for which the particle diameter should result higher than the critical diameter 
(hence unstable). Instead, in case the particle dimension would be lower than the critical 
diameter, the code would not operate any variations on the particle dimensions. 
 
Once terminated the assignment of each new characteristic diameter for each trajectory, the code writes 
such value on a file named “dcrit.part”. A new file is generated containing a number of rows equal to the 
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umber of trajectories, for which each row indicates the value of the diameter assumed by the particle 
along such trajectory (Fig. 17). 
 
 
Fig. 17 – “Dcrit.part” file example 
 
Subsequently a third code named “Distr”, discretises the entire range of diameters reported in the file 
dcrit.part in a finite number of intervals and distributes the particles in intervals depending on the value 
of their diameter. The output of this last code is again contained in a file shown in Fig. 18 named 
“results.dat”. Inside of it the first column the average value of the diameters of each single interval is 
contained, in the second column the number of particles contained in it and in the third column the 
particulate mass fraction associated to such interval. 
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Fig. 18 – “Result.dat” file example 
 
The output offered in point 3) in the file named “Results.dat” offers a granulometric distribution 
normally very different from the starting one. This is visible in the explanatory distributions already 
reported in Fig. 12 and Fig. 13. 
It is evident from this comparison that the probability that the bigger particles could be in critical 
conditions, therefore could get to break is very high and this, during engine functioning, decreases their 
number, modifying the diameter and repositioning in the graph such particles in the zones characterised 
by lower diameters. 
Certainly for a particle destined to break, the higher the fluid dynamic actions on the surface, the lower 
the maximum diameter to be assumed. 
With reference to Fig. 13, the new distribution obtained through the analysis contained in the file 
“results.dat”, is used as initial granulometry for the multiphase distribution. 
Inside the calculus code employed, at the aim of introducing the granulometry as input, it is necessary 
to reproduce it analytically under the shape of a Rosin-Rammler function [40], as indicated in the 
following equation: 
n
eYd
⎟⎟⎠
⎞
⎜⎜⎝
⎛−= φ
φ
     eq. 10 
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However this shape does not simply indicate the probability associated to each diameter  to be 
represented by a number N of particles, but as the probability to find, within the whole set of injected 
particles, diameters higher than φ. It indicates an integral of the particle distribution of probability 
density. 
For example, in Fig. 19, the value of the red curve (Rosin-Rammler function) in correspondence of φ 
represents the integral between φ and ∞  of the black curve, which pointwise represents the number of 
particle associated to each diameter represented in abscissa, datum contained in the “results.dat” file. 
 
 
Fig. 19 – Rosin-Rammler function scheme 
 
Therefore, in order to analytically represent the behaviour of the particulate distribution obtained under 
Rosin-Rammler function shape, it is necessary to obtain the integrating function. 
Hence indicating ( )dttfY x
a
d ∫= , it results that its derivative is: 
( ) ( ) ( )∫∫ −==
φ
φ
φ
φ φφφ max
max
dttf
d
ddttf
d
dY
d
d
d  eq. 11 
Being ( ) ( )xfdttf
dx
d x
a
=∫ , results: 
( ) ( ) ( )φφφ
φ
φ
fdttf
d
dY
d
d
d −=−= ∫
max
  eq. 12 
therefore 
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PRESSURE WAVES OSCILLATION LEVELS: THE INFLUENCE OF SCALE EFFECTS IN SOLID ROCKET MOTORS 
 
MARCO IANNUCCELLI PAGE 45 OF 134 CHAPTER 6
 
 
In this manner it has been defined the analytical shape of the function to fit with the curve in Fig. 12b 
combining the φ and n parameters. 
To validate the just presented methodology, such procedure has been applied in this work to test cases 
characterised by several widely different SRM dimensions, for which the particulate dimensions in 
combustion chamber represent known data. 
Such verifications, together with offering an excellent estimate of the most probable particulate 
dimensions, have further shown also a good representation of the granulometric representation. 
Even if the presented model shows limitations, as a consequence of the adopted simplifications, it 
constitutes in any case a development in the identification of the most probable granulometry present 
within the motor to be adopted during the simulation. Although not comprehensive of several 
important phenomena, it is reminded that the model should be considered as a support to the 
simulations. Such simulations have the final scope to evaluate the PWO. 
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6.2 METHODOLOGY VALIDATION 
 
The validation of the methodology employed within the present research to forecast the particulate 
dimensions within SRM, has been conducted on two motors presenting two different configurations. 
The dimensions that the particulate could present in such motors has been evaluated via the exposed 
methodology and then compared with the real particulate dimensions, known for the two SRM taken in 
consideration, being: 
1. A demonstrator with very reduced dimensions for experimental activities developed by 
ONERA [23]; 
2. The full scale configuration of the P230 at instant in time t=87 [s] [39]. 
 
For both selected SRM, geometry, ballistics and granulometry are known or simple to determine 
quantities. Holding very different characteristic dimensions they represent two cases particularly 
suitable for the validation of the methodology under exam. 
 
 
6.2.1 ONERA DEMONSTRATOR VALIDATION 
 
The demonstrator taken under examination is employed at ONERA for experimental activities. 
As shown in Fig. 20, this demonstrator is composed of several modules for which the coupling makes 
possible the definition of different lengths. 
The considered geometry to validate the procedure is exactly the one indicated in figure, for which all 
the modules available in the plant have been adopted. 
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Fig. 20 – ONERA demonstrator for experimental activities 
 
Since the scope of this work is to obtain the particulate granulometry during the first phases of 
combustion [23], the experimental configuration taken into consideration is the one for which the 
aluminium droplets, once injected in the motor, undergo break-up processes (primary/secondary 
break-up) under the actions of the surrounding fluid; however the droplets do not have the time to take 
part to the entire combustion process because of the immediate cooling effect of a cold helium jet, 
which subtracting energy makes them solidify (in detail see the module indicated in figure 5). 
 
Thanks to this cooling process it is possible to freeze the dimensions of the particles in the moment 
when they should be modified by the combustion process. The dimension and the number of cooled 
particles have been experimentally estimated gathering data regarding their dimensions in two different 
manners: 
 
1. Via optical laser placed at nozzle exit, monitoring the flow of partially combusted gas and full of 
cooled particles; 
2. Via dedicated “impactors” disposed in the combustion chamber, where some sample particles get 
trapped. 
 
The experiment foresees the engine functioning for a duration of about 5 seconds. 
 
The phases describing the time evolution of the experiment are reported as follows: 
 
• t=0 [s] beginning of data registration; 
• t=0.3 [s] helium injection; 
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• t=1.2 [s] propellant ignition; 
• t=3 [s] propellant burn out; 
• t=4.4 [s] helium plant cut-off; 
• t=5 [s] end of experiment. 
 
The several firing phases are reported in Fig. 21. 
As described it is immediate to notice that the useful period to collect data is the one ranging from 1.2 
to 3 seconds, which is equivalent to the firing phase at engine regime. 
 
 
Fig. 21 – Firing phases of the ONERA demonstrator 
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The validation has occurred with the scope of reproducing the particulate distribution within the engine 
in four different instants in time during the propellant combustion phase, within the indicated time 
range. 
 
The moments during which to record the obtained granulometry have been selected for regular 
intervals within the 1.2 – 3.0 seconds time range as follows: 
1. t=1.5 [s]; 
2. t=2.0 [s]; 
3. t=2.4 [s], 
4. t=2.8 [s]. 
The ballistics for each of the four moments in time has been partially supplied by ONERA [23] and 
partially obtained from the information contained in the technical reports. Details are reported in the 
annex. 
In Fig. 25 the particulate distributions obtained by ONERA are reported during firing in the four 
moments of time considered, superposed to the particulate distributions evaluated in the same 
moments, via the procedure to be validated. 
 
In the y-axis it is adimensionally represented the volume fraction occupied by the particles. 
 
Fig. 22 – Particulate estimated dimensions comparison with respect to the real dimensions t=1.5 [s] (LP2 motor) 
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Fig. 23 – Particulate estimated dimensions comparison with respect to the real dimensions t=2 [s] (LP2 motor) 
 
 
Fig. 24 – Particulate estimated dimensions comparison with respect to the real dimensions t=2.4 [s] (LP2 motor) 
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Fig. 25 – Particulate estimated dimensions comparison with respect to the real dimensions t=2.8 [s] (LP2 motor) 
 
The comparisons show not only that the granulometry distribution obtained via the adopted procedure 
well reproduces the real one, but also that it is possible to identify with a reduced error margin in the 
zones where the statistical distribution of the particulate volume presents a maximum. 
The errors made in the determination of the most probable diameter for each instant of time are 
reported in Tab. 2. 
 
 
T [s] 1.5 2.0 2.4 2.8 
Error [%] 8 8 16 16 
Tab. 2 – Error on the most probable granulometry estimate 
 
 
6.2.2 VALIDATION FOR THE P230 
 
The second case for which the validation has been performed was selected in such manner that it 
would be possible to verify the suitability of the procedure to predict a SRM characteristic dimension 
for a fairly different case from the previous, however representative of the dimensions for which the 
model should be applied. 
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For such reason, the selected reference configuration has been the one of the P230 at t=87 [s]. 
 
Fig. 26 reports such geometry and the particulate dispersion due to the internal fluid dynamics of the 
motor. 
 
 
Fig. 26 – P230 geometry adopted for particle dimension validation 
 
In this moment, for such type of engine, the geometry and the ballistics are known, while the 
particulate distribution is reported in the literature [39]. 
Superposing the distribution obtained via the process under validation and the diameter distribution 
supplied by the ONERA reports, it is possible to notice that the granulometry is very well represented 
in the zone with smaller diameters and in the zone where the diameters indicate a maximum in the 
statistic distribution of the particulate volume; for such zone the error made is small. 
As in the previous case, though if more stressed, the wider diameters are less representative. However, 
since such representation has been performed in terms of particulate volume associated to each 
diameter, not just in terms of particle number, it should be reminded that the wider diameter are 
representative of a very limited number of particles. 
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Fig. 27 – Comparison of the estimated particles and the real dimensions (P230 motor) 
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7 NUMERICAL MODEL 
 
The selection of the appropriate numerical model to be adopted to predict the physical phenomena 
cannot disregard the intrinsic nature of the flows to simulate. At the aim of identifying the most 
suitable numerical model, it was necessary to define several characteristics of the flows under 
investigation and then to supply some simplifications. 
It should be reminded that the numerical model employed for this work has been selected in such 
manner that it could be adopted also during future development, when also particulate combustion 
shall be taken into consideration. 
The following list reports some of the most relevant simplifications adopted within this research: 
 
1. The main gaseous flow has been represented as a continuous phase composed of a unique 
homogeneous fluid with characteristics reproducing a real gas mixture; 
2. The droplets dispersed within the motor have been represented as a discrete phase composed 
of non reacting particles; 
3. Each particle is representative of a certain number of particles holding the same characteristics; 
4. The particle-fluid heat exchange could be modelled introducing production terms in the particle 
energy balance equations [16] (to be considered for future developments). 
5. The particle dimension variations could be modelled introducing some dedicated laws [16] (to 
be considered for future developments). 
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7.1 NUMERICAL POSSIBLE APPROACHES 
 
In general the fluid dynamic solution of the problems under consideration follows an Eulerian 
approach. This choice is based on the conception according to which the fluid can be considered as 
continuous, and its evolution can be described through the Navier-Stokes equations [67]. 
Also for multiphase flows such choice can be adopted, although with the limitation that the different 
phases shall be represented as continuous (Fig. 28 (a)). Moreover the interaction of the different phases 
shall be appropriately modelled through the introduction of phase coupling coefficients [49]. 
In the present case the hypothesis is introduced that the liquid/solid phase dispersed within the gaseous 
one represents a discrete system of particles, therefore an Eulerian cannot be employed for the 
determination of its motion. 
In general two types of approaches exist to for the solution of a flow [57]: 
• Eulerian approach; 
• Lagrangian approach. 
 
The second approach, heavier in terms of computer power required, is applied just for the 
determination of the motion of discrete phase flows (Fig. 28 (b)). In such manner the particle flow field 
is represented by their trajectories obtained integrating the associated equations of motion. 
 
 
(a) 
 
(b) 
Fig. 28 – Bi-phase flows. Application of the Eulerian model (a) and Lagrangian (b) 
For the case under investigation, the Eulerian approach is not appropriate for the solution, but its 
adoption is necessary to solve the flow field in which the particles are immersed. Finally, since the flow 
is composed of a continuous and a discrete gaseous phase, a mixed lagrangian-eulerian approach has 
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been adopted [60]: the Eulerian approach for the solution of the continuous phase, the Lagrangian one 
for the discrete phase [17], [44], [66]. 
 
The Lagrangian model adopted for the discrete phase, although heavier in terms of computer power 
required, shows advantages with respect to the Eulerian one, due to the fact that it allows to 
differentiate the particle dimension, faithfully representing the reality and also to introduce heat transfer 
models [51]. 
 
A further choice that influences the behaviour of the fluid and the particulate regards the phases 
coupling method [59]. 
Indeed two main coupling types exist: 
• The 1 way coupling, for which it is supposed that the particulate presence offers a negligible 
effect on the dynamics of the main flow; 
• The 2 way coupling, for which the particulate presence holds a significant role on the dynamics 
of the main flow and vice-versa [68]. 
 
Normally the choice of the most suitable model occurs evaluating the Stokes number, which represents 
the aerodynamic force particle response time to characteristic time of the fluid ratio [18], [19]. 
L
UdSt P
F
R
µ
ρ
τ
τ
18
2
== .     eq. 14 
 
Where U is the characteristic velocity of the fluid, d the particle diameter, ρp the particulate density, µ 
represents the viscosity of the fluid and L the duct characteristic length.  
When 1<<St  the particulate is constantly in equilibrium with the flow, therefore a 1 way approach can 
be employed. When 1≈St  or higher the 2-way approach is suggested. Since in the present work the 
Stokes number is about 0.85, such last model is adopted. 
In this manner the particle dispersion within the gaseous phase is controlled by the local speed 
variations due to the turbulent structures, while on the other hand, the particles can influence the 
turbulence modifying the associated energy [18]. 
The “two-way” is made possible alternating the calculus of the continuous phase solutions and of the 
discrete one, depending one on the other, till the point for which the solutions of both phases show 
negligible differences. 
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7.2 CFD MODEL  SELECTION 
 
The numerical simulations have been performed by means of the commercial Fluent code. Such code 
employs a finite volumes discretisation and solution technique of the fluid dynamic field. 
To solve the conservation of mass and the momentum equations an implicit pressure based algorithm 
it was selected. Furthermore, the convection terms in the momentum and energy equations were 
discretised with a second order upwind scheme [52]. The algorithm, named PISO, was employed for 
the pressure-speed coupling. 
The turbulence model adopted is the Monotone Integrated Large Eddy Simulation (MILES) [70]. 
For those simulations requiring the addition of a discrete phase, the option to have an interaction of the 
phases by means of the so called “2-way” was chosen in the code, hence taking into account the mutual 
effects on the motion during the fluid-particle coupling. 
Le equations solved by the solver, written for the axis-symmetrical case are: 
 
Mass conservation: 
 
( ) ( ) mrrx Sr
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Where mS indicates a mass production, which is equal to 0 in this case ( )0=mS . 
 
Momentum conservation along the axial direction: 
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Momentum conservation along the radial direction: 
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Where: 
r
u
r
u
x
u
u rrx +∂
∂+∂
∂=⋅∇ r     eq. 18 
 
and the Fr and Fx terms holding information regarding the interaction of the gaseous phase with the 
discrete one, are the projections along axial and radial directions of: 
 
( ) tmuu
d
CF p
pp
D ∆⎟⎟⎠
⎞
⎜⎜⎝
⎛ −= ∑ &rrr 24Re18 2ρµ    eq. 19 
 
Where µ is the viscosity of the fluid, ρp the particulate density, dp the particulate diameter, Re is the 
Reynolds number, up the particulate speed, u the speed of the flow, CD is the drag coefficient of the 
particle, m& is the mass flow rate of the particle and ∆t is the time step adopted for the calculation. 
On the other hand the particulate equations of motion are: 
( )pDp uuKdtdu −=      eq. 20 
 
Where the relative particle to surrounding fluid speed is indicated in two brackets and  
24
Re18
2
D
p
D
C
d
K ρ
µ=      eq. 21 
 
The particle CD is calculated by the solver considering its geometry as spherical. 
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8 SETUP AND POST-PROCESSING 
 
8.1 SIMULATION ORGANIZATION 
 
The influence of the dispersed phase presence during the PWO generation within the P230 motor has 
been one of the main objectives of the present research. In particular, the P230 booster is 
representative for the description of the phenomenon both for its size and for the presence of the 
discrete phase. 
An important aspect that needs to be further investigated is the behaviour of PWO involved in cases 
where the geometry of the engine is reduced in size. Considering the methodologies described in the 
previous paragraphs, it was possible to face the solution of the engineering problems raised. 
 
The simulations were organized in order to obtain a first series of results showing the effects of the 
variations in the characteristic levels of the PWO in solid rocket motors without introducing any 
dedicated model for the presence of the particles. 
Then, for each scaled configuration, the most suitable granulometry to adopt have been evaluated, and 
finally such inert granulometry has been introduced in the particle setup and the effects of its presence 
have been studied on the fluid dynamics of the scaled and un-scaled motor. 
 
Summarising, the analyses conducted on the P230 motor were: 
1. 1:1 scale PWO simulation without particle adoption; 
2. 1:2.5 scale PWO simulation without particle adoption; 
3. 1:5 scale PWO simulation without particle adoption; 
 
4. Particle dimension definition for 1:1 scale; 
5. Particle dimension definition for 1:2.5 scale; 
6. Particle dimension definition for 1:5 scale; 
 
7. 1:1 scale PWO simulation with particle adoption; 
8. 1:2.5 scale PWO simulation with particle adoption; 
9. 1:5 scale PWO simulation with particle adoption. 
 
PRESSURE WAVES OSCILLATION LEVELS: THE INFLUENCE OF SCALE EFFECTS IN SOLID ROCKET MOTORS 
 
MARCO IANNUCCELLI PAGE 60 OF 134 CHAPTER 8
 
 
8.2 SETUP 
 
8.2.1 ADOPTED MESH  
 
The mesh is composed of about 400,000 quadrilateral cells. It is quite regular in the zones close to the 
grain, in particular in the S3 zone (the grain located between the FTP and the nozzle), which is 
important for the evolution of vortex structure, strongly linked to the PWO transportation. 
For the full scale configuration, the typical cells dimension in the vortex generation zone is about 2.5 
[mm], whereas it assumes 4.5 [mm] values along the S3 grain. For the scaled cases also the mesh 
dimension scales proportionally to the scale factor. 
 
In the figure it is reported the mesh in the zone where: 
 A – the vorticity is generated; 
 B – the acoustic signal is generated; 
 C – the acoustic signal is recorded. 
 
 
Fig. 29 – Mesh in the vortex generation zone 
 
 
 
A
B C 
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Fig. 30 – Mesh close to the nozzle head 
 
 
 
Fig. 31 – Mesh close to the motor head 
 
The mesh sensitivity has not been conducted in this work since the same mesh has already been studied 
and validated in the literature [41]. 
 
A B C 
A
B 
C 
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8.2.2 DATA MONITORING 
 
Data monitoring is a task to be carefully handled in order to obtain a good estimate of the frequency 
and the amplitude spectrum of the signal. Because of the complexity of the phenomenon, the simulated 
transient has been chosen to be quite wide, in order to stabilise the oscillations and to begin the data 
capturing only when the fluid and the PWO show a stationary behaviour. 
The acquisition of the pressure signal occurred in different parts of the combustion chamber through 
the use of several virtual numerical probes (Fig. 32) that fixed the positions in the domain on which the 
pressure signal recording instantaneously occurs. In particular, the results presented are related to the 
probe placed at the head of the engine defined in figure as "A", which is reached by the pressure signal 
after that such perturbation has been travelling through the entire combustion chamber. 
 
 
Fig. 32 – Numerical virtual probe position inside the motor 
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8.2.3 DATA PROCESSING 
 
The study of the PWO frequency response is based on the analysis conducted by means of the spectral 
Fast Fourier Transform (FFT) and on the entire energy bandwidth. 
 
The FFT operates on a signal containing information on the instantaneous pressure recorded in a 
certain position of the flow field. 
In order to adequately represent the PWO evolution process it is necessary that the signal contains a 
trend of pressure variations which is stationary, e.g. downstream of transient fully developed. 
Usually the signal is characterized by a first part, which is precisely the transition, and a second part 
which is the steady signal that can be processed (Fig. 33). 
 
Fig. 33 – Example of pressure signal 
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Whereas the analysis performed by means of the FFT produces a peak distribution such as the one 
reported in Fig. 34. 
 
Fig. 34 – Example of FFT 
 
Fig. 35 – Data sampling windows 
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Considering the fact that the signal analysis is not based on the entire range of data available, but 
analyses only those contained in a window of samples (Fig. 35), during the signal evolution behaviour 
of the peak amplitudes can be followed by shifting the position of the sampling window. 
Representing the progress of the first peak frequency in this manner (Fig. 36), it is easier to understand 
when a signal has become stationary. In that case the range of amplitudes in which peaks vary can be 
identified. 
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Fig. 36 – Example of PWO amplitudes behaviour during the steady phase 
 
Typically, in this work the windows of samples contain 215 (32,768) values. For a 1:1 scale, in which the 
time step is defined as 2.5e-5 [s], it represents an interval of time of about 0.82 [s]. 
Since in this work, the time step is decreased proportionally with the scale factor, the sample windows 
reduce their amplitude by the same entity (see Tab. 3) 
 
Scale 1:1 1:2.5 1:5 
Interval sampling [s] 0.8192 0.3277 0.1638 
Tab. 3 – Interval sampling 
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8.3 COMPUTER POWER 
 
It should be reminded that the efforts made to implement the numerical simulations described so far 
are highly remarkable. Indeed, such simulations showing the PWO levels are only the results of a wide 
amount of numerical work performed in order to find the most suitable and reliable setups, to define 
the validation processes, to determine the granulometry of each configuration, etc.  
In order to run such simulations two clusters composed of the following machines have been 
employed: 
9 4 OPTERON - Each machine containing 4 processors and 8G of RAM; 
9 4 OPTERON - Each machine containing 4 processors and 4G of RAM; 
9 2 XEON - Each machine containing 8 processors and 8G of RAM; 
9 1 XEON containing 8 processors and 16G of RAM. 
 
The total amount is a set of 54 processors and 36G of RAM. 
 
Typically each simulation containing the discrete phase performed on two XEON machines was able to 
solve about 5,000 time-steps each day. 
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9 RESULTS 
 
The engine taken as reference case is the P230 motor at time instant equal to t=89 [s]. 
Such decision has been taken for several reasons: the present motor is widely employed in the 
aerospace field, furthermore the present engine is the one employed by SNPE in order to perform 
some preliminary analyses on the PWO levels for both the full scale and the scaled configuration of the 
same motor. 
This chapter shows the results in terms of size of the discrete phase, fluid dynamic fields, but especially 
the PWO obtained for various configurations.  
Comparisons of the PWO and fluid dynamic fields obtained in different cases will be commented in 
the last paragraph. 
 
9.1 1:1 SCALE 
 
The first analysed configuration is the one related to the full scale dimension (Fig. 37). As already 
indicated above, for this configuration, simulations were performed first without the introduction of 
the discrete phase, then the particle size has been evaluated by adding a discrete phase and finally 
employing the presence of the inert discrete phase. 
 
 
Fig. 37 – Longitudinal section of the motor 
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9.1.1 PWO WITHOUT DISCRETE PHASE 
 
In this first series of numerical simulations, PWO were evaluated without the presence of additional 
phases. The fluid is considered as a single phase and the properties of the used gas reproduce the 
characteristics that actually the gas holds during engine operation. 
Actually, this simplification regarding the elimination of the reacting particulate from the flow 
theoretically eliminates a part of the fuel, which is responsible for a strong raise in temperature in the 
combustion chamber. Hence, at the aim of obtaining reliable results, not only in terms of engine 
internal fluid dynamics, but especially in terms of PWO, it was necessary that the removal of the 
discrete phase would not involve a change in total temperature and total energy present in the motor 
during engine operations. 
For this reason, the numerical simulation of the flow in this first case was carried out by reproducing 
the conditions in the combustion chamber taking into account also the energy transferred in the 
combustion process of particle. 
The values in terms of amplitude and frequency obtained in this case are shown in the following table. 
 
Data analysis using FFT Integral energy analysis 
 
Frequency (Hz) Amplitude (mbar) Amplitude (mbar) 
1st mode 20.7 ± 1.2 148.7 ± 6 153.8 
2nd mode 40.1 ± 1.2 15.3 ± 5 19.8 
3rd mode 61.0 ± 1.2 12.0 ± 4 12.3 
Tab. 4 – Results for the 1:1 scale – single phase case 
 
A typical plot representing the spectrum of frequencies and amplitudes for this case is shown in Fig. 38. 
In such plot it is possible to observe quantitatively all the information regarding the PWO frequencies 
and amplitudes in the field. 
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Fig. 38 – Amplitudes and frequencies – 1:1 Scale - Single phase  
 
The fact that the simulation has reached steady state is visible both by the pressure signal shown in Fig. 
39, 
 
Fig. 39 – Pressure signal 
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and by following the trend of the maximum amplitude of the first oscillation frequency shown in Fig. 
40. 
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Fig. 40 – First frequency amplitude  
 
In Fig 41 a snapshot of the fluid dynamic field during operation is shown. It is possible to notice that 
the vortex structures are generated in correspondence of the FTP, travelling downstream and getting 
aggregated into larger structures. When such periodically generated structures hit the nozzle head, they 
transfer energy to the acoustic field. This behaviour makes possible to observe the oscillating pressure 
peaks. 
 
 
Fig. 41 – Vortex structures in 1:1 motor without particulate 
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As mentioned above, the vortex structures are the main responsible for the generation of pressure 
disturbances. During the analysis of the results of this reserarch, the fields of vorticity are shown several 
times as their shape and evolution may provide important information on the specific structures to 
investigate. 
These data were then considered as the basis for the comparison with the further simulations in which 
the discrete phase is introduced. 
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9.1.2 DISCRETE PHASE DIMENSIONS EVALUATION  
 
At the aim of introducing a discrete phase in the fluid dynamics field, its size distribution must be 
known. In chap. 6 the methodology used for determining the most probable particle size has been 
illustrated. Such methodology is now applied to the first case for which the PWO oscillation calculation 
is needed. 
 
The geometry of the motor at t=89 [s] is known and it is reported in Fig. 37. Actually, only for the 
calculation of the most probable particle sizes, this geometry is reproduced eliminating the nozzle and 
its head. This removal has been necessary because the aim of such intermediate step is to obtain the 
initial dimension of the particle only inside of the combustion chamber. Whereas, taking into account 
also the nozzle, the results would be influenced also by the dynamics occurring in that zone (Fig. 42). 
 
Fig. 42 – Truncated longitudinal section of the motor 
 
Indeed, the critical size of the particles must be determined within the combustion chamber, because it 
is the maximum size, associated with the particles, during their stay in the engine.  Considering also the 
nozzle, the particles passing through the throat and then along the diverging part, considerably 
accelerate. In this manner, the critical stress on the particle would define critical diameters much smaller 
than the ones hitherto obtained in the combustion chamber, and the granulometry obtained in the 
engine would be replaced by the most critical one achieved in the nozzle, which is not the scope of this 
analysis. 
The next step concerning the particle granulometry evaluation regards the adoption of a diameter 
distribution such as the one indicated in Fig. 43. In this manner a fixed number of particles has been 
associated to each representative diameter present in the combustion chamber. 
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Particle distribution
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Fig. 43 – Input particle distribution 
 
Performing numerical simulations and processing data as described in section 6.1, the new particle size 
distribution, represented in terms of number of particles associated with each diameter, is shown in Fig. 
44. 
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Fig. 44 – Output particles distribution 
 
Observing the previous figure, it is visible that all the particles having a diameter larger than 190 µm 
have suffered a break and have therefore been scaled by assigning them a diameter equal to the 
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maximum calculated along the trajectory. This reduction in diameter has meant that the number of 
particles with smaller diameters increase in number at the expense of particles with larger diameter, as 
indeed shown in Fig. 44. 
 
In previous cases shown during validation of the methodology, granulometric distributions were 
represented in terms of mass fraction associated to each diameter. This type of representation was 
adopted in those cases only because the scientific work reported results only in that unit. Hence, in 
order to compare the results, it was necessary to adapt to that form. 
In this case and in the subsequent ones, in order to represent the particle size distribution, a different 
form has been assumed. It has been indeed reported, as a function of the diameter, the number of 
particles instead of the mass fraction. 
Using the values of φ and n the Rosin-Rammler function (eq. 10), that best approximates the curve 
numerically obtained, is defined. 
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Fig. 45 – Overlapping of output particle / best fit function 
 
For the curve reported in Fig. 45, the φ and n values are: 
φ = 9.0E-5 n=1.45. 
 
PRESSURE WAVES OSCILLATION LEVELS: THE INFLUENCE OF SCALE EFFECTS IN SOLID ROCKET MOTORS 
 
MARCO IANNUCCELLI PAGE 75 OF 134 CHAPTER 9
 
 
9.1.3 PWO WITH INERT PARTICULATE 
 
In this first numerical simulation performed with the use of a discrete phase, the ballistics of the engine 
has not been altered with respect to the case without particles, the discrete phase has been modelled as 
indicated in earlier chapters (particularly in Chap.6), while the fluid in which the discrete phase is 
immersed is a gaseous phase holding properties reproducing the actual gas characteristics achieved 
during engine operation. 
This means that the amount of heat that the discrete phase, due to its combustion, should transfer to 
the gas is already forfeited by the gas, which is injected into the combustion chamber. This avoids the 
direct exchange of energy between the particles and fluid. 
For this reason, the numerical simulation of the flow in this first case was carried out by taking as an 
input the conditions within the combustion chamber induced also by particulate combustion, while not 
implementing this exchange. 
The values obtained by the analyses of the results performed on this simulation are reported in Tab. 5. 
 
Data analysis using FFT Integral energy analysis 
 
Frequency (Hz) Amplitude (mbar) Amplitude (mbar) 
1st mode 17.1 ± 1.2 75.7 ± 27 99.5 
2nd mode 35.8 ± 1.2 24 ± 7 35.0 
3rd mode 58.6 ± 1.2 9.5 ± 3 14.0 
Tab. 5 – Results for the 1:1 scale –  bi-phase case 
 
From a first quick analysis it can be seen how the amplitudes of the first peak are reduced compared to 
the case without particles. This result is in line with the results reported in the literature concerning the 
PWO damping in the presence of inert phases. 
 
Amplitudes and frequencies are visible from the graph in Fig. 46. 
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Fig. 46 – Amplitudes and frequencies plot – 1:1 scale case with inert particulate 
 
The signal, shown in Fig. 47, shows the evolution of the pressure on the engine head over a wide range 
of time in which it was possible to sample the pressure changes needed to evaluate the PWO. The 
signal shows a transient of about 2 seconds and a steady phase of about 3 seconds. 
 
Fig. 47 – Pressure signal. Case with inert particles 
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The evolution of the maximum amplitude of the first frequency of oscillation is shown in Fig. 48, from 
which it can be also noticed the increase in amplitude of the error bars with respect to the single-phase 
case.
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Fig. 48 – Behaviour of first frequency amplitude  
 
Another peculiarity that can be noticed from Fig. 46 is the presence of noise which increases the 
difficulty to distinguish the peaks of the oscillations (especially the lower ones), if compared to the case 
in which the discrete phase was not present. Generally, the case employing inert particle shows a 
greater presence of noise. From Fig. 49 it can be noticed how the presence of particles modifies the 
vortex structures, which in this case show a much more fragmented geometry with respect the previous 
case, where the particulate was not adopted. 
 
 
Fig. 49 – 1:1 scale with particle. Vorticity 
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The particles, responsible for this fragmentation, as shown in Fig. 50, are mainly densified on the 
surface of the grain, corresponding to the areas where the generation of vortex shedding occurs. 
 
Fig. 50 –1:1 scale with particles – Coloured according to the residence time 
 
Moreover, observing Fig. 51, it can be noticed that the particles move with more difficulty towards the 
centre of the engine, remain confined within the area near the grain (i.e. in the zone where parietal 
vorticity is concentrated), and influence the vorticity structures (see Fig. 41). Hence, in the case for 
which the particulate is employed, the parietal and obstacle vorticity are modified by the presence of 
inert particles, which subtract momentum and energy from the fluid. Being characterized, in this way, 
by lower energy levels, the fluid field can transfer a lower amount of energy to the acoustic field making 
the particle acting therefore as dampers for the PWO. This phenomenon agrees with the ones observed 
and reported in literature [53]. 
 
Fig. 51 – 1:1 scale with particles – Coloured according to the particle diameter 
 
The strong interaction between the fluid and the particles can be seen both in Fig. 49, in which the 
damping effect that the particles produce on vortex structures can be noticed, and in Fig. 51 in which it 
is shown that the motion of particles is deflected because of the vorticity in which particles are 
immersed. 
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9.2 1:2.5 SCALE 
 
The second analysed configuration has regarded the 1:2.5 scaled engine. As performed for the larger 
scale, on this configuration the simulations were performed first without the introduction of the 
discrete phase, in order to assess the possible existence of phenomena simply due to the scaling process 
of the engine. Then the calculations for the size determination of the discrete phase have been 
performed and finally, the addition of the presence of the reacting discrete phase has been adopted in 
order to obtain the PWO levels. 
 
9.2.1 PWO WITHOUT DISCRETE PHASE 
 
The manner in which this calculation has been conducted is identical to the one used in the 1:1 scale. 
The geometry is indeed exactly the same, unless the scale factor, and the internal ballistics scale time is 
representative of the one occurring in a full scale.  
Amplitudes and frequencies are visible in Fig. 52. The plot is taken in an intermediate instant during the 
stationary sampling phase. 
 
Fig. 52 – Amplitudes and frequencies of pressure signal 
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A more detailed analysis of the frequencies and of the amplitudes is reported in Tab. 6. 
 
Data analysis using FFT Integral energy analysis 
 
Frequency (Hz) Amplitude (mbar) Amplitude (mbar) 
1st mode 51.9 ± 3.1 148.7 ± 10 150.1 
2nd mode 100.7 ± 3.1 13.5 ± 7 16.2 
3rd mode 155.6 ± 3.1 11.8 ± 3 13.0 
Tab. 6 – Amplitudes and frequencies – 1:2.5 scale 
 
Moreover, the trend of the peaks of the first oscillation frequency, during the stationary sampling 
phase, is shown in Fig. 53. It can be seen from this figure that the peaks monitoring includes a wide 
range of time, estimated to be about 1.2 [s]. 
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Fig. 53 – First frequency’s amplitude behaviour 
 
The signal from which the frequencies are derived is shown in Fig. 54. 
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Fig. 54 – Pressure signal 
 
Again, observing the field of vorticity, groups of vortex structures can be seen, generated by the 
obstacle, travelling towards the head of the nozzle and interacting with other vortexes generated near 
the grain (parietal vortex). 
 
 
Fig. 55 – Vortex structures in 1:2.5 motor without particulate 
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9.2.2 DISCRETE PHASE DIMENSIONS EVALUATION 
 
At the aim of introducing a discrete phase in the fluid dynamic field, its size distribution must be 
known. In chap. 6 the methodology used for determining the most probable particle size has been 
illustrated and already used in the previous calculation (1:1 scale). Such methodology is now applied to 
the 1:2.5 case for which the PWO oscillation calculation is needed. As already mentioned, for these 
calculations the nozzle has to be removed from the field so that the results can be representative of the 
particle size in the combustion chamber and not affected by the fluid flowing through the nozzle. 
 
Performing the numerical simulations and processing the data as suggested in paragraph 6.1, the new 
obtained particle distribution is reported in Fig. 56. 
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Fig. 56 – Output particle distribution 
 
Observing the previous figure, it is visible that all the particles having a diameter larger than 120 µm 
have suffered a break and have therefore been scaled by assigning them a diameter equal to the 
maximum calculated along the trajectory. Using the suitable values of φ and n, the Rosin-Rammler 
function (eq. 10), that best approximates the curve numerically obtained, is defined. 
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Fig. 57 – Overlapping of output particle / best fit function 
 
For the curve represented in Fig. 57 the values of φ and n, which better define the best fit are: 
φ = 3.7E-5 n=1.15
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9.2.3 PWO WITH INERT PARTICLE 
 
The manner in which this calculation was conducted is identical to the one adopted in the 1:2.5 case 
without particulate. The geometry is indeed exactly the same, and the internal ballistics, scaled 
proportionally to the scale factor, is representative of what occurs in the real scale. 
The main difference regards the introduction of the inert discrete phase.  
Also in this case the input granulometry has been previously calculated using the procedure indicated in 
chap. 6 and shown in the previous paragraph. 
 
Amplitudes and frequencies are visible in Fig. 59, where PWO are shown during an intermediate instant 
of time taken during the stationary sampling phase. 
 
 
Fig. 58 – Amplitudes and frequencies of the pressure signal  
 
Also in this case the pressure oscillations are affected by the presence of the inert phase. 
It can be indeed noticed that the amplitude associated with the first frequency is well below the level 
obtained when the particles had not been introduced in the flow. 
 
A more detailed analysis of both frequencies and amplitudes is reported in Tab. 6. 
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Data analysis using FFT Integral energy analysis 
 
Frequency (Hz) Amplitude (mbar) Amplitude (mbar) 
1st mode 42.7 ± 3.1 70.0 ± 30 95.1 
2nd mode 100.7 ± 3.1 17.5 ± 3 23.5 
3rd mode 167.8 ± 3.1 8.0 ± 2 10.5 
Tab. 7 – Amplitudes and frequencies – 1:2.5 scale. Case with discrete phase 
 
Again, as seen in the full scale configuration with particulate, the error bar is quite wide, whereas the 
amplitudes of the 2nd and 3rd frequencies do not suffer from the introduction of the second phase. 
Finally, the evolution of the peaks of the first oscillation frequency during the stationary sampling phase 
is shown in Fig. 53. It can be seen from this figure that the monitoring of the peaks included a fairly 
large time, estimated in about 1.2 [s]. 
The first frequency peak amplitude shows average values of about 70 [mbar] (Fig. 59) 
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Fig. 59 – First frequency amplitude behaviour 
 
The signal from which the frequencies are derived shows a rather long stationary phase, as shown in 
Fig. 60. 
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Fig. 60 – Pressure signal 
 
From the plot in Fig. 61 it can be seen once again how the presence of the particles strongly modifies 
vorticity structures if compared with the case where the particles were not introduced.  
 
Fig. 61 – 1:2.5 scale with particles. Vorticity field 
 
As in the 1:1 case, and as shown in Fig. 50, the discrete phase is densified mainly on the grain surface, 
influencing the generation and motion of the vorticity generated on the wall. 
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Fig. 62 – 1:2.5 scale with particles – Coloured according to the residence time 
 
Observing the position of the particulates, it should also be noticed that in this occasion (Fig. 62), the 
particles inside the chamber, independently of their diameter, tend to remain confined in the area near 
the grain, i.e. the area where the parietal vortex shedding occurs. As already noticed these vorticity 
interacts with the vorticity generated by the FTP obstacles and influences the vorticity field present in 
the combustion chamber (see Fig. 61). 
Hence, in the case of presence of particulate, the vorticity close to the wall and the vortexes travelling 
towards the nozzle are modified by the particles, which subtract momentum from the fluid and 
behaving as PWO dampers. 
 
 
Fig. 63 – 1:1 scale with particles – Coloured according to the particle diameter 
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9.3 1:5 SCALE 
 
The third analysed configuration is related to the 1:5 scaled engine. This is a fairly important case 
because, as explained in the next chapter, the PWO behaviour is not in line with the one anticipated by 
the previous two simulations. 
 
9.3.1 PWO WITHOUT DISCRETE PHASE 
 
The manner in which this calculation has been conducted is identical to the one adopted in the 1:1 and 
1:2.5 scale cases. The geometry is indeed exactly the same, unless the scale factor, and the internal 
ballistics is proportionally scaled to the scale factor and representative of full scale ballistics. 
The amplitudes and frequencies are visible from the plot shown in Fig. 64, which represents these 
quantities in an intermediate instant of time while the stationary phase of the sampling  
 
 
Fig. 64 – Amplitudes and frequencies of the signal 
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A more detailed analysis of amplitudes and frequencies is reported in Tab. 8. 
 
Data analysis using FFT Integral energy analysis 
 
Frequency (Hz) Amplitude (mbar) Amplitude (mbar) 
1st mode 97.6 ± 6.1 31.0 ± 12 39.5 
2nd mode 189 ± 6.1 17.0 ± 12 20.1 
3rd mode 299 ± 6.1 7.1 ± 4 8.0 
Tab. 8 – Amplitudes and frequencies – 1:5 scale 
 
Finally, the evolution of the peaks of the first oscillation frequency, during the stationary phase of 
sampling, is shown in Fig. 65. It can be seen from this figure that the monitoring of the peaks included 
a wide range of time, estimated to be about 0.45s 
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Fig. 65 – First frequency’s amplitude behaviour – 1:5 Scale 
 
The signal from which frequencies are derived also presents a long stationary phase, as shown in Fig. 
66. 
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Fig. 66 – Pressure signal – 1:5 scale 
 
Also in this last case, the vorticity field is reported in (Fig. 67). Observing this figure it can be seen that 
the absence of discrete phase enables vorticity structures to keep their shape without being fragmented. 
Despite this, in this case the amplitude of the first peak, as shown in the above table, shows a dramatic 
collapse. 
 
 
Fig. 67 – Vorticity fields for 1:5 case 
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9.3.2 DISCRETE PHASE DIMENSION EVALUATION 
 
In order to introduce the discrete phase in the flow field, the methodology discussed in chap.6 must be 
applied. The adopted geometry is the one scaled by a factor 1:5, for which the particle dimension need 
to be found.  
 
Performing the numerical simulation and process data as described in paragraph 6.1, the new particle 
size distribution obtained is shown in Fig. 68. 
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Fig. 68 – Granulometric output distribution 
 
Observing the previous figure, it is visible that all the particles having a diameter larger than 90 µm 
have suffered a break and have therefore been scaled by assigning them a diameter equal to the 
maximum calculated along the trajectory. Using the suitable values of φ and n, the Rosin-Rammler 
function (eq. 10), that best approximates the curve numerically obtained, is defined. 
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Fig. 69 – Overlapping of output particle / best fit function 
 
For the curve represented in Fig. 69 the values of φ and n, that better define the best-fit function are: 
φ = 3.2E-5 n=1.15 
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9.3.3 PWO WITH INERT PARTICLES 
 
 
The manner in which it this calculation has been conducted is the same adopted in the case in scale 
1:2.5 and 1:1. Indeed the full scale geometry has been re-employed and appropriately scaled, and the 
internal ballistics is representative of the full scale configuration. 
The main difference compared to the 1:5 scale single-phase case (par.9.3.1) concerns the introduction 
of the inert particulate. 
Also in this case the input granulometry has been previously calculated using the procedure indicated in 
chap. 6 and shown in the previous paragraph. 
 
Amplitudes and frequencies are visible in Fig. 70, where PWO are shown during an intermediate instant 
of time taken during the stationary phase of sampling 
 
 
Fig. 70 – Amplitudes and frequencies of pressure signal 
 
In this case the pressure oscillations are affected by the presence of an inert phase in a quite different 
manner if compared with the effect induced on the PWO by the particles injection at larger scales (1:1 
and 1:2.5). The presence of particles, in this case, reactivates the first peak that now shows amplitudes 
values in line with the two-phase simulations of cases in 1:1 and 1:2.5 scale. 
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A more detailed analysis of frequencies and amplitudes is reported in Tab. 9. 
 
Data analysis using FFT Integral energy analysis 
 
Frequency (Hz) Amplitude (mbar) Amplitude (mbar) 
1st mode 85.5±6.1 67.2 ± 20 93.8 
2nd mode 177.0±6.1 23.0 ± 10 39.8 
3rd mode 305.2±6.1 7.0 ± 3 8.3 
Tab. 9 – Amplitudes and frequencies – 1:5 scale – Case with dispersed phase 
 
Finally, the evolution of the amplitude peaks of the first frequency, during the stationary phase of 
sampling, is shown in Fig. 71. It can be seen from this figure that the monitoring of the peaks includes 
a wide range of time, estimated at about 0.25s. 
The peak of amplitude corresponding with the first frequency indicates that its average value is about 
67mbar. Again, from the analysis made during the stationary phase a remarkable fluctuation on the 
PWO level can be found. 
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Fig. 71 – First frequency’s amplitude behaviour 
 
PRESSURE WAVES OSCILLATION LEVELS: THE INFLUENCE OF SCALE EFFECTS IN SOLID ROCKET MOTORS 
 
MARCO IANNUCCELLI PAGE 95 OF 134 CHAPTER 9
 
The pressure signal is shown in Fig. 72. 
 
 
Fig. 72 – Pressure signal 
 
From Fig. 73 it can be seen that, once again, the presence of particles strongly modifies the vorticity 
structures if compared with the previous case where the discrete phase was not employed. 
 
Fig. 73 – 1:5 scale with particles. Vorticity field 
 
Particulate, in fact as shown in Fig. 74, is accumulated on the surface of the grain. 
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Fig. 74 – 1:5 scale with particles – Coloured according to the residence time 
 
 
It should again be noted that, observing the position of particles (Fig. 75) inside the chamber, 
regardless of their diameter, they tend to stay confined in the area near the grain that is the area where a 
parietal vortex shedding is generated. 
However, in this case, the discrete phase can not be considered as a PWO damper since its 
employment caused a rising in the first frequency level of PWO. 
 
 
Fig. 75 – 1:2.5 scale with particles – Coloured according to the particle diameter 
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9.4 COMPARISONS 
 
In this section the results obtained applying the methodologies and the setup shown in previous 
chapters have been collected. These results were also compared in order to highlight the dependency of 
PWO to the geometrical configuration and fluid dynamic variations simulated inside the engine. As 
stated above, attention was focused on the effects induced on the PWO due to geometric scaling 
engine, the presence of particles, and the coupling of these two phenomena. 
 
In the results comparison, for simplicity it is taken as a reference configuration the 1:1 scale, in which 
the setup of the fluid does not take into account the presence of inert particles. 
The results were compared firstly assessing the effect of geometric scaling, then considering the 
presence of particulates. 
 
Following that order, some plot and tables of PWO frequencies/amplitudes in different geometric 
configurations, regardless of the presence of particulates are reported. 
In the table only the amplitudes/frequencies of the first peak are included. 
 
Data analysis using FFT Integral energy analysis 
Scale 
Frequency (Hz) Amplitude (mbar) Amplitude (mbar) 
1:1 20.7 ± 1.2 148.7 ± 6 153.8 
1:2.5 51.9 ± 3.1 148.7 ± 10 150.1 
1:5 97.6 ± 6.1 33.7 ± 9 39.5 
Tab. 10 – Comparisons: effect of geometrical scaling on a mono-phase case 
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Fig. 76 – Amplitudes and frequencies – 1:1 scale – Single phase case 
 
 
Fig. 77 – Amplitudes and frequencies – 1:2.5 scale – Single phase case 
 
 
Fig. 78 – Amplitudes and frequencies. 1:5 scale – Single phase case 
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From this first comparison, for what concerns frequencies, a strong correlation with the adopted scale 
factor can be found. The frequency variations are indeed proportional to the scale factor. This 
behaviour depends on the length of the engine that has to be crossed by the pressure signal: this 
distance is shortened just by the scale factor, the travel time it takes for the signal cross the chamber is 
reduced and the frequency, hence, increased. 
For what concerns the amplitudes, results show that their values are constant for the first two scales 
(1:1 and 1:2.5), whereas in the 1:5 scale it can be observed a quite dramatic reduction. This behaviour 
raised the idea about the existence of a scale phenomenon.  
In order to test whether this effect was real or not, the presence of particulate was added later in the 
setup of numerical simulations. 
Since the amount of mass of particulates in the propellant is considerable (about 20% of the total 
weight of propellant) it has been assumed that this additional element, present during engine operation, 
could modify the calculation of the dynamic fluid, hitherto considered as a single phase, hence the fluid 
dynamics of the flow inside the combustion chamber. The first result obtained and shown regards the 
comparison between the PWO’s on the full scale (1:1) configuration considered with and without the 
adoption of the particulates. 
 
Data analysis using FFT Integral energy analysis 
1:1 Scale 
Frequency (Hz) Amplitude (mbar) Amplitude (mbar) 
With part. 20.7 ± 1.2 148.7 ± 6 153.8 
Without part. 17.1 ± 1.2 75.7 ± 27 99.5 
Tab. 11 – Comparisons: effects of particulate adoption in 1:1 scale 
 
From Tab. 11 it can be noticed that the introduction of the single particle produces a strong decreasing 
of amplitudes. This damping effect is thought to be due to the energy that the fluid dynamic field uses 
to transport inert particles along the motor (i.e. transforming momentum of the fluid to momentum of 
particles), rather than using to amplify the sound field oscillation. 
In addition, the frequencies suffer a slight decrease. Again, the reason lies in the slowdown suffered by 
the vortexes, which transport energy towards the head of the nozzle (see Fig. 8 in chap.4.1). Such 
slowdown is caused by the transfer of kinetic energy from the fluid dynamic field in favour of the 
motion of particles. In this manner a vortex, proceeding slowly, hits the head of the nozzle releasing 
energy to the acoustic field at slightly lower frequencies. 
PRESSURE WAVES OSCILLATION LEVELS: THE INFLUENCE OF SCALE EFFECTS IN SOLID ROCKET MOTORS 
 
MARCO IANNUCCELLI PAGE 100 OF 134 CHAPTER 9
 
The results obtained on all three scales taken into account by introducing in the calculation also the 
presence of particulates are shown below. 
As before, in the summary table are reported only the behaviour of the first frequencies, while the plot 
shows also the evolution of the amplitudes associated with the higher frequencies. 
 
Data analysis using FFT Integral energy analysis 
Scale 
Frequency (Hz) Amplitude (mbar) Amplitude (mbar) 
1:1 17.1 ± 1.2 75.7 ± 27 99.5 
1:2.5 42.7 ± 3.1 70.0 ± 30 95.1 
1:5 85.5±6.1 67.2 ± 20 93.8 
Tab. 12 – Comparisons: effect of geometrical scale. Bi-phase case 
 
Fig. 79 – Amplitudes and frequencies. 1:1 scale – bi-phase case 
 
Fig. 80 – Amplitudes and frequencies. 1:2.5  scale – bi-phase case 
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Fig. 81 – Amplitudes and frequencies – 1:5 scale – bi-phase case 
 
Regarding the frequencies of oscillation, in these cases a good correlation with the scale factors has 
been found. 
Amplitudes of oscillation show, instead, a rather more interesting behaviour. Indeed, despite the effect 
of damping due to the presence of particles which reduces the intensities of the ODP in cases 1:1 and 
1:2.5, the amplitudes for present case employing particulate are approximately constant for all scale 
factors taken into consideration, including the factor 1:5 (for which the amplitude in the case without 
particles have shown a dramatic decreasing).  
This means that presence of inert discrete phase during scaled engine operation, or generally inside a 
small dimension motor, play a fundamental role at the aim of PWO evaluation. Results suggest that for 
particular motor sizes, in order to avoid the scale phenomenon observed in chap.9.3.1, particle injection 
is needful. 
In the following two plots, vorticity fields for the scale 1:1 in absence and in presence of particulates 
have been represented and compared. From this comparison it can be seen how the vortex structures 
in the presence of particulates are fragmented.  
 
Fig. 82 – Vorticity field in 1:1  scale motor without particles 
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Fig. 83 – Vorticity field in 1:1 scale motor with particles 
 
Similarly for the other two scales, the fields of vorticity obtained with the setup with discrete phase 
show again a very strong fragmentation of the structures which contain energy to be released to the 
acoustic field. 
 
 
Fig. 84 – Vorticity field in 1:2.5 scale motor without particles 
 
Fig. 85 – Vorticity field in 1:2.5 scale motor with particles 
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Fig. 86 – Vorticity field in 1:5 scale motor without particles 
 
Fig. 87 – Vorticity field in 1:1 scale motor with particles 
 
Since the fluid dynamics observed in the 1:5 scale shows homothetic transformation, the phenomenon 
observed related to the peak variation is most likely due either by the process of energy transfer that 
occurs between the vortices and the acoustic field, or by effect due to the presence of gradient which in 
the 1:5 case are more intense than in larger scales. 
Even if the setup for which the particulate has been adopted resulted in the elimination of the scale 
effect problem, the PWO levels are not yet representative of the real phenomenon because of the 
already described effect of damping introduced by particulates presence. 
For this reason the present work should be extended by studying the effects brought by the 
combustion of particulates. A first theoretical approach to the problem of combustion of particulate 
(distributed combustion) has already been developed in this work and reported in the Annex. 
Numerical simulation using these models are however still not ready. Since for this next step, external 
subroutines to implement in the commercial code have been developed, a rising of computational 
effort, already very high, is expected. 
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10 CONCLUSIONS 
 
The main objective of the present work has been the investigation of pressure waves oscillation (PWO) 
when two fundamental characteristic parameters of the motor vary: 
 
1. The combustion chamber characteristic dimensions; 
2. The multiphase nature of the flow passing through the chamber (due to the presence of 
solid/liquid particulate, which is considered as inert within this research). 
The results show that both the geometric scaling and the presence of multiphase flows play a 
fundamental role in the PWO evaluation. 
For the description of the acoustic PWO phenomenon the analyst and the designer should typically 
take into account the frequency and the pressure signal amplitude parameters, evaluated and measured 
in an experimental manner first and then numerically at a significant section of the flow field inside the 
combustion chamber. 
When experimental data miss, or however when such information is limited, normally one takes 
advantage of numerical estimates of the frequency and amplitude parameters numerically obtained 
through the adoption of validated codes, considered for the several scales of interest.  
According to the analysis of the results it is possible to notice that the frequency peak acoustic 
parameter generated in the combustion chamber is strongly related to the scale of the considered solid 
rocket motor (SRM). This can be stated both for simplified and comparative simulations, for which the 
particulate is not considered present in the flow, and also for more complex simulations for which inert 
particulate is introduced. 
 
On the other hand, considering the parameters describing the acoustic phenomenon intensity, thus the 
amplitude of the pressure signal peak, it has been observed that in the first simulated single-phase 
cases (i.e.: without inert particulate) the levels of the first PWO peak did not show significant 
variations as a function of the characteristic geometric dimensions, up to a critical scale factor, in such 
case ranging between 1:2.5 and 1:5. Under this range the values of the acoustic scale signal achieved 
were damped with respect to the ones discovered for the real booster considered (P230 in real scale 
1:1). This led to think of the existence of a critical scale factor, under which the intensity of the acoustic 
PWO phenomenon tend to decay. 
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On the other hand, the subsequent simulations performed for the several scales (1:1, 1:2.5 and 1:5) 
introducing the inert particulate within the numerical modelling, show that for engine 
dimensions higher than the critical ones, the levels of the first PWO amplitude peak, receive a uniform 
damping, therefore holding maximum levels which are lower than the ones obtained without 
introducing particulate in the flow. 
This can be caused by a particulate energy absorption phenomenon, which should be kept active at the 
expenses of the surrounding flow. Instead, for scales below the critical ones, the amplitude 
corresponding to the first peak frequency are reactivated, allowing to obtain also for the 1:5 scale PWO 
levels in line with higher scales. 
Hence, this indicates that the presence of particulate contributes to eliminate or shift the scaling 
criticality encountered for simulations without particulate. 
 
However the reasons of such physical behaviour are not completely clear yet; therefore within this 
work it is indicated that the direction to follow in order to better understand the phenomenon passes 
through the study of the particulate influence on the energy transfer processes between the fluid 
dynamic field and the acoustic one. 
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ANNEX 
 
 
Within the present Annex several explicative analytical and numerical steps and methods of calculation 
required in support of the actual research are reported in order to describe the modelling of several 
physical phenomena under consideration. 
Furthermore, the first chapter reports on a preliminary study related to the combustion and shape 
evolution of the particulate. 
 
 
I DISCRETE PHASE MODELLING – SHAPE EVOLUTION 
 
According to the physics described in chapter 4, and the related phenomena observed, the reader 
comprehends that a full and complete analysis would require to also consider the particulate during its 
combustion, its related evolution, while taking into account that it represents even an energy source 
[45]. 
The particle combustion represents a very complex topic. It involves several chemical and physical 
phenomena which are tightly coupled [65]. 
Indeed, after the break-up of the liquid alumina film, which is generated on the grain surface that 
generates a droplets distribution (phenomenon called primary break-up), and the successive break-up of 
the drops due to the motion of the fluid in which they are immersed (phenomenon called secondary 
break-up), the remaining particles suffer a further transformation, which is operated by the combustion. 
The Al particles, being in a fluid for which the temperature is higher than the Al boiling temperature 
(Tboil-Al=2790K [10]), start to vaporise (Fig. 88). The gaseous Al, expelled from the particle, 
immediately meets the oxidiser in gaseous phase present close to the particle, reacts and releases heat 
towards the surrounding environment. The chemical reaction occurring between Al and oxidiser 
generates a new product (Al2O3 or alumina – Tfus=2328K [11]), which deposits on the particle surface 
producing a liquid layer [12]. 
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Fig. 88 – Alumina production 
 
Due to the relative velocities between the fluid and the particle, such alumina layer is removed and 
transported towards the back side of the particle. The accumulation of alumina in this zone generates a 
new spherical shape as shown in Fig. 89 [13], [14], [15]. 
 
Fig. 89 – Particle shape evolution phenomenon 
 
The mentioned transformation occurs during the travel of the Al/alumina particle along the 
combustion chamber and increasing the distance from the surface from which it has been detached 
(Fig. 9). 
 
Since an exact reproduction of the wide range of the occurring phenomena cannot be simulated due to 
the high computational cost, in this preliminary study only the main effects of the distributed 
combustion have been introduced. 
Considering the several phenomena occurring during combustion, the ones introduced in this work are 
representative only for: 
 
1. the thermal exchange between particle and surrounding fluid;  
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2. the mass exchange between particle and surrounding environment; 
3. the particle diameter variation. 
 
Even though the previous listed arguments are tightly linked to each other, in this work they are 
separately treated. 
 
 
I.I THERMAL EXCHANGE 
 
During Al combustion inside the SRM a large number of chemical reactions occurs simultaneously 
involving many elements. 
The oxygen, hydrogen, carbon, fluorine, chlorine, only to list the elements present in larger quantities, 
react with Al producing several intermediate compounds. Such compounds participate to a various 
number of reactions either transferring or absorbing energy until the combustion process is concluded. 
The end of the combustion process is reached when either the entire amount of Al contained in the 
particle has been transformed in Al2O3 [31], otherwise when the residual mass is so negligible that it is 
impossible to meet the oxidiser and react. 
In the present work the combustion is not a goal whereas the combustion effects need to be 
introduced. For this reason a simplification has been introduced assuming that the particle combustion 
is ruled by a single reaction, which is representative of the entire process: 
 
2Al+ 3/2 O2 Æ Al2O3 (∆HC=-387.325 Kcal/mol = -1619 KJ/mol)  eq. 22 
 
where ∆HC indicates the heat released during the reaction [31]. 
This balance reaction contains two important data about the models to introduce: 
• the heat release rate; 
• the mass transfer rate. 
 
In other words, this balance reaction contains information regarding the fact that the release of each 
1619 [KJ] to the surrounding environment, occurs in parallel to the the transformation of 2 Al moles in 
an oxide mole. 
The direct consequence is that, during the reaction process, the continuous mass transformation (Al 
consumption and proportional oxide production Fig. 89) occurs along with a proportional energy 
release. 
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This means that the mass transfer and the heat transfer phenomena are tightly linked. Hence, the 
knowledge of the amount of mass instantly released from the particle is necessary to estimate the 
amount of energy (heat) instantly transferred from the particle to the surrounding gas [36] 
CHmq ∆⋅= &&        eq. 23 
 
At this stage of the study, due to the large importance of the role played by the heat transfer inside this 
process, it is necessary to fix some details about the effective energy levels reached during combustion. 
It has to be undertaken that the Hc value, represents a net energy contribution provided from the 
particle to the surrounding gas. For a correct evaluation of the thermal phenomena regarding the 
particle combustion it should be considered that not the entire amount of heat produced during the 
combustion is transferred to the fluid. Indeed, a fraction of the energy needs to be used in order to 
increase the Al temperature towards the temperature of the surrounding gas. 
It should be noticed that the reaction provides the rate of heat released for the Al considered in gaseous 
phase, hence there are not any other contributions to be removed from the balance (such as for 
example the vaporisation heat).  
 
 
Fig. 90 – Temperature contribution inside the engine due to the AP fraction 
 
Moreover it should be considered that the amount of mass that receives heat from the Al combustion 
(i.e. the gaseous phase) is not 100% of the mass introduced from the propellant during combustion, 
because this value takes into account also the mass of Al itself, which is 18% of total mass that must be, 
hence, subtracted. 
The equation describing such energy transfer process is: 
( ) TcmTcHm pffvapAlAlvappp ∆⋅=∆⋅−∆ && 82.0___   eq. 24 
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where pm& is the particle towards the gaseous phase mass flow rate, H∆ is the particle combustion 
enthalpy, 
Alvapp
c
__
is the Al specific heat in gaseous phase and vapAlT _∆ is the increase of temperature 
suffered by the gaseous Al in order to elevate its temperature from the boiling till the equilibrium 
temperature present in the chamber during combustion. 
The balance can be rewritten in terms of particle mass, which, at regime, enters and leaves the engine. 
The two quantities are different since during combustion a remarkable part of the particle mass is 
transformed in gaseous mass. Indicating with  
vapAlAlvapptot TcHH ___ ∆⋅−∆=∆       eq. 25 
 
The balance can be rewritten as: 
( ) totINp
INp
OUTp
totOUTpINppff Hmm
m
HmmTcm ∆⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=∆−=∆⋅ _
_
_
__ 182.0 &&
&&&&  eq. 26 
 
Which, in terms of diameter is: 
totINp
in
fin
totINp
in
p
fin
p
pff HmHmTcm ∆⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=∆
⎟⎟
⎟⎟
⎟⎟
⎠
⎞
⎜⎜
⎜⎜
⎜⎜
⎝
⎛
⎟⎠
⎞⎜⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛
−=∆⋅ _3
3
_3
3
1
23
4
23
4
182.0 &&& φ
φ
φπρ
φπρ
 eq. 27 
 
Recalling again that the incoming particle mass is 18% of the total amount of injected mass 
tot
in
fin
pf HTc ∆⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=∆⎟⎠
⎞⎜⎝
⎛
3
3
1
18.0
82.0
φ
φ
      eq. 28 
 
Assuming that the combustion consumes the entire Al particle, hence the Al final diameter is null, from 
eq. 28, the heat balance would result,: 
totpf HTc ∆=∆⎟⎠
⎞⎜⎝
⎛
18.0
82.0
       eq. 29 
or 
pf
tot
c
HT
⎟⎠
⎞⎜⎝
⎛
∆=∆
18.0
82.0
        eq. 30 
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I.I.I COMBUSTION CHAMBER TEMPERATURE ESTIMATE 
 
In order to estimate the validity of the proposed model, one can suppose to apply this equation to the 
validation case conducted on P230 presented at par.6.2.2. 
To evaluate the ∆T generated by the adoption of the particle, it is necessary to know the combustion 
chamber temperature during engine operation, that according to ballistic data provided by AVIO is 
evaluated to be about 3,230 [K], and the temperature obtainable deactivating the energy produced by 
the particle combustion (temperature obtained by only HTPB and AP combustion). 
Before proceeding with the calculation, some considerations have to be presented: inside the SRM the 
HTPB even participating to the combustion does not release much energy. It behaves essentially as a 
matrix, a sort of glue that keeps the AP and Al grains bonded, whereas the actual heat production 
occurs by means the AP combustion.  
In case an additional different fuel mass is added inside the propellant at the expense of the AP itself 
(in the present case Al), the percentage of AP decreases inducing a consequent reduction of the 
temperature obtainable by its combustion. Obviously, in order to obtain an advantage in terms of 
higher temperature levels reachable in the engine, the combustion of the added fuel has to provide an 
amount of energy which is higher than the one lost by AP removal. 
In order to evaluate the adiabatic flame temperature produced by AP, the graph shown in Fig. 90 has 
been considered. It reports the adiabatic flame temperature (Tad) as function of the percentage amount 
of AP present in the engine. Moreover, to evaluate the totH∆ value defined in eq. 25 the following Al 
characteristic data are required: 
cp of Al in gaseous phase: 769 J/Kg-K  
vapAlT _∆ is 3240-2790=450K. 
 
By solving eq. 30, a T∆  equal to 1777 [K] has been obtained. 
 
1400 [K] + 1777 [K] = 3177 [K] 
Propellant adiabatic flame 
temperature without particle 
 temperature increase due to 
particle combustion 
 Average fluid 
temperature 
 
The difference with the temperature actually present within the combustion chamber is about 57 [K], 
meaning an error of 1.7 [%]. 
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I.II PARTICLE TO FLUID MASS EXCHANGE 
 
 
The mass exchange is a fundamental process during combustion. Indeed, it is tightly connected with 
both thermal exchange and diameter evolution. 
The amount of mass, m& , which can be instantly burned can be mathematically indicated by two main 
parameters: 
1. the first parameter, which is indicated with qB ,0 , is a function of some chemical and physical 
characteristics such as: 
• stoichiometry of the reaction; 
• heat released by each mole product; 
• particle and surrounding fluid temperature. 
 
2. the second parameter, defined by the adimensional Nusselt number is linked to the flow 
dynamics in which the particle is immersed [42]. 
 
The knowledge of the motion field surrounding the particles is necessary in order to reproduce 
combustion and mass exchange. The fluid dynamic loads acting on the particle surface (represented by 
Nu) contribute indeed to remove the oxide layer continuously produced on the particle surface, which 
shields the particle from the surrounding oxidiser, slowing down the reaction. The oxide layer, in such a 
way, is accumulated towards an extremity of the particle (Fig. 91), while the remaining larger part of the 
particle surface can continue to efficiently react [33]. 
 
PRESSURE WAVES OSCILLATION LEVELS: THE INFLUENCE OF SCALE EFFECTS IN SOLID ROCKET MOTORS 
 
MARCO IANNUCCELLI PAGE 113 OF 134 ANNEX
 
 
Fig. 91 – Chemical-physical phenomena occurring during combustion 
 
However such accumulation is concentrated within a confined surface of the particle. The oxide covers 
this zone and inhibits contact between that particle surface and the surrounding fluid, which contains 
the oxidiser. Hence, due to this reduction of contact surface where the reactions occur, the combustion 
suffers a slowdown [34]. 
The last described phenomenon is very important because it leads to a strong dependence on the 
characteristic combustion time of the particle, as it can be observed in Fig. 92 [35]. 
 
 
Fig. 92 – Effect of oxide accumulation on the combustion time 
 
The modelling of mass evolution, hence, has been realised taking into account such effects. The law 
ruling the evaporation of a mass fraction from the particle is reported [36]: 
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[ ]qp
pg
g
FP Brc
Nuk
m ,01ln
2 +⋅=−
π&     eq. 31 
where [36] [34] 
( )
fgli
ppgprodc
q hq
TTch
B +
−+∆=
−
∞ν/
,0     eq. 32 
 
is the term that takes into account the thermal properties and the intensity of reaction, while  
( )[ ] 2/13/4
3/12/1
PrRe/232.11
PrRe555.02 ++=Nu     eq. 33 
 
is the Nusselt number [36] [34] [42] [46], which models the increase of reaction rate due to the removal 
of the alumina liquid layer from the surface of the particle. 
 
The end of the combustion occurs only when either the Al has been totally consumed, or when the 
alumina accumulation has so deeply incorporated the remaining part of Al that the surface on which 
the reaction can still occur is negligible (Fig. 93). 
 
Fig. 93 – Example of Al particle partially incorporated in the oxide residual 
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I.III PARTICLE DIAMETER EVOLUTION 
 
Isolating a generic instant during the early droplet combustion stages, has shown how such droplet is 
actually composed of the union of two drops: the first composed of Al and the second of alumina as 
shown in Fig. 89. The time evolution of the two droplets, which exchange mass, is quite different. 
Indeed, the Al drop decreases its size while the oxide increases its diameter. 
 
Each phenomenon (size increasing for one drop and size reduction for the other), taken separately, has 
been used to define a proper modelisation of the effects of combustion. 
Considering that:  
1. the evolution of the Al particle size determines the amount of m& , which is a parameter tightly 
linked to the heat transfer; 
2. the dimension of oxide drops are not negligible, especially during the final phase of combustion 
and then during the next transit phase of the particle towards the engine outlet;  
both effects have been taken into account. 
 
For what concerns the Al particle, considering the information related to the amount of mass removed 
from the particle, it is simple to obtain the variation law of its diameter in time. 
Indeed, starting from the assumption that the particle density, during Al combustion, is almost constant 
(ρp=2700 Kg/m3 [13]), it is possible to obtain its diameter from its mass, in any i-th instant in time: 
3
1
6
⎟⎟⎠
⎞
⎜⎜⎝
⎛= πρφ p
i
i m        eq. 34 
 
where the particle mass in a generic i-th time instant is equal to: 
tmmm ii ∆−= − &1  e 1−−=∆ ii ttt     eq. 35 
 
Such procedure allows to obtain the Al particle size at different i-th time instants. 
 
As already mentioned, although this procedure is representative of both the evolution of the Al drop 
and the heat released to the external environment, it is not representative of the evolution of the size of 
the entire system. 
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The implementation of this formula within the numerical code must be done by restricting its use to 
the heat transfer evaluation, for which m& represents an essential element. 
For what concerns the global evolution of the entire particle composed by Al and oxide, it should be 
noticed that it presents a maximum size at the combustion beginning, where its diameter is exactly the 
diameter of the Al particle before reaction. On the other side, at the end of the reaction, the particle 
presents a size that is very similar to the one of the oxide drop (see Fig. 94). 
 
Fig. 94 – Particle shape evolution 
 
In literature it is shown that the final dimension of the particles employed in solid rocket motors is 
typically equal to 70 [%] compared to the initial dimension of the Al particle [13]. 
 
In order to represent the diameter evolution of the particle during intermediate instants of time, some 
simplifying hypotheses have been introduced: 
1. The system consisting of two bonded drops (Al and oxide) has been represented by a single 
particle; 
2. The diameter of the particle evolves linearly in time starting from the initial dimension assumed 
by the Al drop, towards the final dimension adopted by the oxide drop, which is 70 [%] with 
respect the initial dimension.  
The two hypotheses are validated by the next procedure: 
Representing the combustion time in an adimensional abscissa [s], it is assumed that the volume of the 
drops evolves linearly, as shown in Fig. 95. 
PRESSURE WAVES OSCILLATION LEVELS: THE INFLUENCE OF SCALE EFFECTS IN SOLID ROCKET MOTORS 
 
MARCO IANNUCCELLI PAGE 117 OF 134 ANNEX
 
Volumes
0
10
20
30
40
50
60
70
80
90
100
0 0.2 0.4 0.6 0.8 1
Burning time [-]
Vo
lu
m
es
 [%
]
Al
Oxide
 
Fig. 95 – Al and alumina volume evolution 
 
An important instant at which it is significant to evaluate the diameter of the droplets composing the 
particle is when the two drops show the same volume (and thus the same diameter). 
In order to evaluate this instant of time, hypotheses of linear evolution have been adopted for the two 
drops. 
( ) sVVVV
fininin AlAlAlAl
⋅−−=      eq. 36 
 
sVsVV
infin AlOxOx
⋅⋅=⋅= 37.0      eq. 37 
 
The two equations have been compared  
sVVsV
ininin AlAlAl
⋅−=⋅⋅37.0      eq. 38 
 
and the value of s, for which the drops show the same diameter, has been obtained 
744.0
343.1
=⋅=
in
in
Al
Al
V
V
s      eq. 39 
 
This value indicated that the two drops show the same dimension after about the 74 [%] of the total 
combustion time. 
The volume of each single drop, at this instant is: 
inin AlAl
VVV ⋅=⋅⋅= 255.0744.0343.0     eq. 40 
 
However, in this instant of time it should be recalled that two drops are present, each one characterised 
by its own mass. Considering the hypothesis to describe the particle evolution using only the larger 
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diameter presented by one of the two drops, would lead to an error. Indeed, in this manner the total 
mass, hence the inertia of the system composed of two particles would be underestimated. 
A more correct representation should consider not only the diameter of the Al particle, but an 
equivalent diameter which takes into account the presence of the second drop. 
Hence, considering as initial and final diameters the ones already mentioned, in order to follow the 
evolution of the particle, a third equivalent diameter has been computed next to the instant of time 
where the drops show the same diameter.  
In this manner the diameter of the single drop has been evaluated 
33 744.0343.0
inAl
rr ⋅⋅=      eq. 41 
or 
63.0744.0343.03 ⋅=⋅=
inin AlAl
rrr     eq. 42 
 
then, considering that the equivalent volume occupied by the two drops is double with respect to the 
one occupied by a single drop, the following equivalent dimension has been obtained: 
inin AlAleq
rrr ⋅=⋅⋅= 79.063.023     eq. 43 
 
In the graph represented in Fig. 96 it is possible to estimate how the linear representation (red line) is 
similar to the one computed under such assumption (green line) showing a maximum error of about 
2%. 
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Fig. 96 – Diameter evolution of Al, oxide and equivalent particle 
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In the following graph it has been also reported the volume variation of the 2 single drops and the 
equivalent drop.  
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Fig. 97 – Volume evolution of Al, oxide and equivalent particle 
 
 
I.IV CHARACTERISTIC TIMES 
 
It has been shown that the particle combustion is a phenomenon which occurs along with the Al 
transformation in alumina. The dimension of Al particle then varies and decreases during combustion 
while simultaneously oxidation products accumulate, producing a second drop which increases its size 
during combustion (Fig. 89). 
Adopting such simplification, in the previous chapter several laws have been introduced describing the 
fluid-dynamics and thermal effects on: 
 combustion rate; 
 particle mass evolution; 
mainly modelling qB ,0  and Nu.  
The effects, modelled in this work considering such numbers, would be otherwise extremely expensive 
in case a numerical approach would be followed. 
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In this section it is shown that these groups called qB ,0  and Nu, if introduced into engineering formulas 
widely used in literature to evaluate the characteristic times of combustion, allow to obtain reliable 
results. 
 
I.IV.I CHARACTERISTIC TIMES COMPARISON 
 
To assess the reliability of the model introduced, characteristic times of combustion obtained through 
the described model have been compared with those reported in the literature, which represent a wide 
casuistry. 
To do this it was necessary to introduce the modelled terms ( qB ,0 and Nu) within a law that represents 
the best fit of the experimental characteristic combustion times as a function of diameter variation 
obtained in a given period of time. 
Such law is known as the D2 law [36] 
( ) Ktt −= 202 φφ      eq. 44 
 
Actually, the square law does not always correctly reproduce the evolution of the diameters because it 
fails to take into account the accumulation of oxide on the back of the particle [13], [37], [14]. The Dn 
law needs to be modified choosing a more adequate value for n. In literature several results are 
presented. They have been obtained through a wide range of experimental setups. Analysing such data, 
one can notice that the values of n reproducing the best fit for a remarkable sample of results, is 1.8 [-], 
[14], [33], [38]. 
Defining more clearly the variable K, the law takes the form: 
( )q
pg
g
p
fin
BNu
c
k
,0
8.18.1
0
1ln4 +⋅⋅⎟⎟⎠
⎞
⎜⎜⎝
⎛
⎟⎟⎠
⎞
⎜⎜⎝
⎛
−=
ρ
φφτ    eq. 45 
 
Substituting the values of qB ,0  and Nu obtained in the previous paragraphs, in accordance with the 
modelling developed in this work, and taking as a representative samples five diameters in the range of 
abscissa shown in Fig. 98, the characteristic times have been obtained and reported in Tab. 13. 
 
φ [µm] 30 60 180 300 600 
Time [m-s] 9 21 96 200 538 
Tab. 13 – Characteristic Al combustion times 
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By overlaying this result (red in Figure 98) with those reported in the literature, it can be noticed that 
the times, estimated only by modelling the effects, show a good agreement with consolidated and 
commonly accepted results. 
 
Fig. 98 – Characteristic Al combustion time from experimental tests 
 
 
 
II ALÆAL2O3 – CHEMICAL REACTION 
 
The heat released by the combustion represented by the following reaction  
2Al + 3/2 O2 Æ Al2O3 (∆HC=-387.325 Kcal/mol = -1619 KJ/mol)  eq. 46 
 
is a function of the Al mass evaporated from the particle (i.e. m& ). 
As previously mentioned, during each instant of time, the heat globally released from the reaction is: 
mHq C && ⋅∆=          eq. 47 
 
In the present work, since m&  is reported in [Kg/s] of aluminum, CH∆  must be reported in an 
appropriate unit system, which is Kg instead of mole. In order to make such transformation it is 
necessary to calculate either the weight of a mole of product or reactant.  
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The weight of a mole of product (Al2O3) is equal to 102 [g], while the weight of an Al mole is equal to 
27 [g]. 
From the reaction it can be noticed that for each mole of product, 2 Al moles are consumed (i.e. 2· 27 
[g]). 
Hence in order to report the heat released from reaction in terms of reactant weight, it can be written: 
1619 [KJ/moleprod]/(2x0.027)[KgAl/molprod]=29981 [KJ/KgAl]. 
While expressing the same amount in terms of product weight, it can be written as: 
1619 [KJ/moleprod]/(0.102) [Kgprod/molprod]=15872 [KJ/Kgprod]. 
Each Kg of burned Al thus releases 29981 [KJ]. 
In literature [31] it is reported that typically the Al combustion occurring in SRM produce an energy 
release approximately equal to 7 [kcal/g], equivalent to 29.26 [KJ/g] = 29260 [kJ/Kg], which match 
with the value previously obtained. 
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III B0,Q AND NU EVALUATION 
 
In order to obtain characteristic values for the mass transfer that occurs during combustion, the values 
to be introduced in the next law, also reported in Tab. 14, have been collected. 
 
[ ]qp
pg
g
FP Brc
Nuk
m ,01ln
2 +⋅=−
π&     eq. 48 
where 
( )
fgli
ppgprodc
q hq
TTch
B +
−+∆=
−
∞ν/
,0     eq. 49 
and 
( )[ ] 2/13/4
3/12/1
PrRe/232.11
PrRe555.02 ++=Nu     eq. 50 
 
gk  0.4267 [w/m-K]; 
pgc  3660 [J/Kg-K] 
gµ  9.1e-5 [Kg/m-s]; 
g
gpg
k
c µ=Pr 0.78 [-]; 
∞T  3240 [K] 
pT  2750 [K] 
272
322
3
⋅
⋅=ν  0.89 [-] 
prodch∆  15872 [KJ/KgAl2O3] 
fgh  10878 [KJ/KgAl2O3] 
Tab. 14 – Parameters adopted for Bo,q and Nu evaluation 
 
For the ν  evaluation, 32 and 27 indicate the molecular weight for O2 and Al, while 3/2 and 2 are their 
stoichiometric coefficients. 
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fgh = 293.7 [KJ/mol] is the energy needed to produce a single Al mole vaporisation. In terms of weight 
it can be written as: 7.293=fgh [KJ/mol] / 0.027 [Kg/mol] = 10878 [KJ/Kg]. 
liq − =0 is the heat necessary to transform Al from solid to liquid state. Actually such value is negligible 
(about 10 [KJ/mol]) if compared to the other heat transfer involved in the reaction. 
 
The evaluation of the Reynolds number (Re) related to the particle dimensions is performed taking 
representative values for the fluid in which the particle is immersed. 
In order to obtain such value, the definition of an order of magnitude for the particle diameter is 
needed. 
These values are summarised in Tab. 15. 
 
ρ  4 [Kg/m3]; 
U∆  40 [m/s] 
D 120 [µm]; 
µ  9.1e-5 [Kg/(m s)]; 
Tab. 15 – Parameters used for the particle Re evaluation 
 
In these conditions Re has been estimated to be about 200 [-]. 
 
Since the entire amount of data is now available, it is possible to evaluate the terms 804.1,0 =qB  [-] and 
Nu=8.12 [-] 
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IV BALLISTICS FOR GRANULOMETRY VALIDATION 
 
In order to conduct the validation of the method used to determine the most probable particle size 
inside the engine during its operation, it was necessary to trace the ballistics of the fluid in the 
combustion chamber. The baseline data, from which the mass flow rate introduced in the motor was 
derived, are presented by the following equation [23], which describes the regression rate of the grain as 
a function of the pressure inside the chamber during the test (Fig. 21) 
( ) 37.0438.0/ pscmr ⋅=     eq. 51 
 
where the pressure is referred in [MPa]. 
The availability of pressure behaviour in the time enables the integration of Eq. 51 in order to find the 
volume and then the mass instantly released by the propellant, for each generic instant of time during 
engine operation. 
 
Since the propellant used in this validation is exactly the one employed onboard the Ariane 5, the 
composition and in particular the mass fraction taken up by Al are well known. This has allowed the 
differentiation of the amount of gas and particles released into the combustion chamber of the engine. 
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V UDF DEFINITION 
 
As previously mentioned, the modelling of the most important phenomena occurring during aluminum 
combustion in the chamber is either not possible by the fluid dynamic code otherwise it is so 
computationally expensive to consider the numerical calculation not feasible. Among these phenomena, 
the most important for this study is the generation, during combustion, of a drop of alumina, which 
develops growing bonded behind the drop of Al (Fig. 89). 
This phenomenon is not reproducible by the calculation code and therefore must be modelled. 
Moreover, at the aim of avoiding the numerical code solution also for chemical reaction introducing 
further complications to the already complex two-phase flow, the heat release to the surrounding 
environment has been modelled. 
 
The model should be implemented in a User Defined Function (UDF) written in C++ language as an 
externally readable subroutine. In this UDF the diameter variation laws of the particle and the heat 
release caused by the combustion must be included. 
 
The problem is actually more complicated than expected because the particles, seen by the code as a 
single spherical entity, are indeed composed of the bounding of two spherical drops, which dimensions 
evolve over the time. 
It becomes necessary, within the code, to differentiate the two particles that evolve over time. 
At this aim, the Al particle is considered as if after a series of time steps it moves from the initial 
condition (the moment when the burning starts - diameter = 100 [%]) to the final condition (when the 
combustion ends and Al diameter is null). 
The variation of mass occurring for the Al drop is expressed as: 
( ) stepFinIn Ndtmdd AlAl ⋅⋅=− &ρπ 33834    eq. 52 
 
where the left term indicates the difference between the mass at the beginning and at the end of 
combustion, while the right side term expresses the change in mass that occurs after a certain number 
of time steps. 
From this expression it is possible to derive the number of time steps needed to consume the particles 
of Al: 
( )33
6 AlAl FinInstep
dd
dtm
N −⋅⋅
⋅= &
πρ
   eq. 53 
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It is known that at the end of combustion (i.e. after stepN time steps) the particle presents a diameter 
that is equal to 70 [%] with respect the initial one.  
Such behaviour can be expressed as: 
InstepstepIn ddNd ⋅=∆⋅− 7.0     eq. 54 
where stepd∆ indicates the equivalent particle diameter variation occurring after each time step, and the 
equivalent Ind match with AlInd . 
Substituting stepN in this equation, next law can be obtained: 
( )33 63.0
AlAl FinIn
In
step dd
dtmdd −⋅⋅
⋅⋅⋅⋅=∆ πρ
&
    eq. 55 
 
In this manner a more explicit form could be written for the variation of the equivalent diameter 
(which is different from those of the Al particle) as a function of the mass ejected from the Al particle. 
As represented in eq. 31, however, the m&  term depends on the particle size of Al. It is hence necessary 
to keep track of this dimension during the evolution of the entire particle otherwise it would be 
impossible to properly reproduce the process. 
To do this, a correspondence has been defined between the equivalent particle diameter and the 
diameter of the Al drop. 
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Fig. 99 – Evolution of Al and equivalent particle  
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Observing the trends of the particle sizes represented in Fig. 99 and representing both behaviours in 
the graph of Fig. 100, 
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Fig. 100 – Graphic representation of eq. 56 
 
it is possible to derive the following formula describing the particle size of Al depending on the size of 
the equivalent diameter: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
−= 7.0
3.0
Al
Al
Inp
eqpInp
Alp d
dd
d     eq. 56 
 
All the elements necessary to implement the UDF are now ready. 
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